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INTRODUCTION 


The frequency and degree of natural 
hybridization between fishes recently has 
been reviewed by Carl L. Hubbs (1955). 
Although many hybrids between species 
(and genera) have been reported, rela- 
tively few have been reported as fertile. 
Most of the reported hybrid fertility is 
based, at least in part, on the relatively 
increased degree of variability of the wild 
hybrids. These include those between 
Notropis rubellus and N. cornutus (Ibid. : 
10), Hesperoleucas symmetricus and La- 
vinia exilicauda (Ibid.: 10), Lepomis 
macrochirus and L. cyanellus (Ibid.: 
2), Notropis lutrensis and N. venustus 
(Clark Hubbs, Kuehne, and Ball, 1953: 
226), Siphateles mohavensis and Gila 
orcuttt (Carl L. Hubbs and Miller, 
1943). With the exception of the No- 
tropis lutrensis and N. venustus hybrids 
reported on by Clark Hubbs and Strawn 
(1956), the fertility of the above hy- 
brids has not been confirmed experimen- 
tally. As one of the F, hybrid samples 
here reported is much more variable than 
its controls, doubt is cast upon the valid- 
ity of assuming hybrid fertility based only 
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on great variability of wild fishes. More- 
over, F, hybrids between two minnows, 
Notropis lepidus and N. venustus, have 
also been shown to be much more variable 
than their controls (Clark Hubbs, 1956). 

The hybrid swarms reported in the lit- 
erature may still involve hybrid fertility 
as many valid fish species have been 
shown to produce fertile hybrids. Con- 
siderable work has been done on fertility 
of hybrids between Turkish cyprinodonts. 
Four species, Kosswigichthys asquama- 
tus, Anatolichthys splendens, Anato- 
lichthys transgrediens, and Aphanius 
chanteri, are considered to be of hybrid 
origin by Aksiray (1952), and both 
species of Anatolichthys »y Kosswig 
(1953). These authors have demon- 
strated experimentally that many of the 
female hybrids between these forms and 
their near relatives (parental types?) are 
occasionally fertile, but they have only 
produced fertile males from the cross be- 
tween A. splendens and A. transgrediens. 
In addition many partially fertile hybrids 
have been produced experimentally be- 
tween poeciliids of the genera Xipho- 
phorus by Gordon and other workers and 
Mollienesia by Carl L. Hubbs, although 
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few natural poeciliid hybrids are known 
(Carl L. Hubbs, 1955). 


RELATIONSHIPS AND HABITS 


Five samples of artificially produced 
hybrids between the orangethroat darter, 
Etheostoma spectabile (Agassiz), and the 
logperch, Percina caprodes (Rafinesque), 
have been analyzed for meristic char- 
acters. One of these, from parents cap- 
tured in the San Gabriel River in George- 
town, Texas, varies appreciably more 
than do the parental species. The other 
four, from parents captured in the Colo- 
rado River in Austin, Texas, vary about 
as much as do the parental stocks. 

Both parental species are members of 
the North American freshwater subfam- 
ily Etheostomatinae. The recognized su- 
perspecific categories of the Etheostoma- 
tinae have undergone considerable con- 
solidation in recent years, from more than 
two dozen genera to the four recognized 
by Bailey, Winn, and Smith (1954). Re- 
gardless of whether a “lumped” or a 
“split” classification is used, the two par- 
ental forms are placed in separate genera. 

Both species have a wide sympatric dis- 
tribution in the central United States, in- 
cluding parts of Michigan, Tennessee, 
Iowa, and Texas. P. caprodes occurs 
slightly farther south and much farther 
east and north and E£. spectabile slightly 
farther west. However, both species are 
abundant in central Texas waters where 
the parental stocks were taken. Both 
species have been divided into races on 
morphologic grounds ; however, no author 
has proposed racial separation of these 
species within central Texas. 

In central Texas both parental species 
are abundant in the alkaline waters from 
the Cretaceous limestones north of the 
divide between the Medina and Nueces 
rivers. We have yet to take EF. spectabile 
in the more acid eastern waters of Texas. 
Only rarely is P. caprodes taken from 
the more eastern waters. 

Natural hybridization between the 


primitive darters, such as P. caprodes, 
and specialized species, such as EF. spec- 
tabile, is rare (Carl L. Hubbs, 1955). 
No natural hybrid between the two spe- 
cies has been reported, and no specimens 
are present among the hybrids in the 
University of Michigan Museum of Zoo- 
ogy (Reeve M. Bailey, personal com- 
munication, 1955). During our rather 
extensive collecting within the sympatric 
ranges of the two species in central Texas 
we have examined several hundred indi- 
viduals of P. caprodes and several thou- 
sand specimens of E. spectabile without 
any natural hybrids being found. None 
of the hybrid samples here reported on, 
or the many other hybrids of the same 
species now in The University of Texas 
laboratory, give any indication of being 
fertile. Moreover, all specimens studied 
have what appear to be male colors. As 
the E. spectabile females frequently are 
more highly colored than P. caprodes 
males, it is difficult to assign sexual colors 
to the hybrids. On superficial examina- 
tion their gonads appear to be degenerate 
ovaries. We suspect them to be inter- 
sexes. We do not think that gene ex- 
change occurs between natural popula- 
tions of the parental forms. 

Breeding adults of both parental spe- 
cies have been captured in the same seine 
haul. Almost without exception E. spec- 
tabile breeding adults are captured from 
moderately rapid current over rocks 2” to 
6” in diameter at depths up to 8”. Riffle- 
captured ripe male and female P. ca- 
prodes tend to be found around larger 
rocks in deeper water with more rapid 
current. Ripe Percina have also been 
captured over 1” to 4” gravel in 18” of 
slow moving water at the head of a riffle. 
Reighard (1913) reports Percina spawn- 
ing activities in Douglas Lake, Michigan. 
The abundance of logperch in central 
Texas reservoirs strongly indicates that 
southern populations also spawn in quiet 
waters. Apparently Percina spawns both 
in quiet water and in riffles in Texas. 
There is ample opportunity for chance hy- 
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bridization between the species in nature 
in the area studied. 


MATERIALS AND METHODS 


The San Gabriel River samples consist 
of three of E. spectabile, one of hybrids, 
and one of Percina. The laboratory- 
raised stocks were held at about 18° C 
during early development and later were 
transferred to aquaria held near 23°. 

E. spectabile sample “a” is made up of 
28 laboratory-raised individuals, whose 
mother was collected from the Lampasas 
River, four miles south-southwest of 
Belton, Texas. The father was collected 
from the San Gabriel River in George- 
town, Texas. 

E. spectabile sample “b” consists of 80 
fish collected from Berry Creek, 4.5 miles 
northeast of the courthouse in George- 
town, Texas. The locality is 3.4 stream 
miles from the station where experimental 
stocks were obtained from the San 
Gabriel River. 

E. spectabile sample “c” is made up of 
9 laboratory-raised individuals. Both 
pairs of parents were collected from the 
San Gabriel River in Georgetown, Texas. 

The hybrid sample consists of 87 lab- 
oratory-raised individuals, whose parents 
were collected with the parents of E. 
spectabile sample “c”. These hybrids 
differed from the E. spectabile controls 
from the San Gabriel River in that two 
females were used for each of six males. 
The hybrids were hatched and underwent 
early development in six hatching pans. 
This sample was later held in two 
aquaria. The high degree of variability 
was present in individuals from both 
aquaria. 

The Percina sample consists of 96 wild 
individuals collected with E. spectabile 
sample “b”. 

The Colorado River samples consist of 
five of E. spectabile, four of hybrids, and 
one of Percina. The laboratory-raised 
stocks were held at approximately 23° C. 
They further differed from the San 
Gabriel River samples in that the eggs 


were aerated prior to hatching. All of 
the parents of laboratory-raised samples 
and the fish comprising E. spectabile sam- 
ple “b” were collected from the riffle in 
the Colorado River just west of the 
mouth of Shoal Creek. 

E. spectabile sample “‘a” is made up of 
48 fish from six collections taken from 
various localities in the Colorado River 
in Austin, Texas, at various seasons. 

E. spectabile sample “b” consists of 40 
wild-caught fish. 

E. spectabile sample “c” is made up of 
20 laboratory-raised individuals. Two 
pairs of parents were used. 

E. spectabile sample “d” is made up of 
60 laboratory-raised individuals. Six 
pairs of parents were used. 

E. spectabile sample “e” consists of 61 
laboratory-raised individuals. One pair 
of parents was used. 

Hybrid sample “a” is composed of 24 
laboratory-raised individuals. Two pairs 
of parents were used. 

Hybrid sample “b” is made up of 34. 
laboratory-raised individuals. One pair 
of parents was used. 

Hybrid sample “c” consists of 183 
laboratory-raised individuals. One pair 
of parents was used. 

Hybrid sample “d” is composed of 59 
laboratory-raised individuals. Five fe- 
males and two males were used. The 
eggs were hatched in separate hatching 
pans and later placed in the same aquar- 
ium. 

The Percina caprodes sample consists 
of 33 wild-caught individuals from vari- 
ous localities in the Colorado River in 
Austin, collected between 1951 and 1955. 
The paternal parent of hybrid sample “‘c”’ 
is included. 

As numbers of Percina are rarely taken 
by our collecting technique for obtaining 
breeding stocks and the young are ex- 
tremely difficult to rear under our tech- 
niques (Clark Hubbs and Strawn, 1957) 
we have been forced to use wild indi- 
viduals for our controls of that species. 
Further details on raising techniques can 
be found in Strawn and Hubbs (1956). 
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The techniques for counting and meas- 
uring are those given by Carl L. Hubbs 
and Lagler (1947). 


LATERAL LINE SCALES 


The relative variability of the hybrids 
and the parental species is best shown by 
the number of lateral line scales. This 
may result either from the large number 
of discrete units available or perhaps from 
the great difference between the parental 
means. 

The four control samples from the San 
Gabriel River have far less variability 
than the single hybrid sample (fig. 1). 
Even the most variable control sample 
(E. spectabile “b’) has a variance ap- 
proximately two-thirds of that of the hy- 
brids. The sole sample of Percina is far 
less variable than E. spectabile sample 
‘“b” which was captured with it. Neither 
laboratory-raised sample of FE. spectabile 
has any approximation to the variability 
of the hybrid sample, and both were 
raised under approximately the same con- 
ditions as the hybrids. 


The individuals with fewer lateral line 
scales have other characters in common, 
and these characters all approach, but do 
not necessarily equal, the phenotypic 
characters of E. spectabile (small size, 
color pattern, etc.) when compared with 
those of the hybrids with more lateral line 
scales. The best correlation, size vs. 
scale number, is not possible, however, 
as the fish were preserved at different 
times. 

The distribution plot of hybrids defi- 
nitely does not follow a normal curve. 
It is possible that the distribution curve is 
bimodal with the lower mode in the 50’s 
and the upper in the 70’s. As there has 
been considerable mortality of smaller 
fish, it is possible that the few individuals 
with 50 lateral line scales are the remnant 
of a much larger group. As most darters 
have considerable secondary sexual color 
dimorphism, it appeared that the two color 
types might possibly represent two sexes. 
As no difference could be ascertained be- 
tween the gonads or urogenital papillae 
of the two color types, however, we sus- 
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TABLE 1. 


Number of lateral line scales of Colorado River hybrid sample 


“‘c’’ plotted against standard length in millimeters 


Standard 
length 
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Lateral line scales 


pect that the distribution plot is strongly 
skewed. 

Except for the Percina sample, all of 
the Colorado River samples have approx- 
imately equal variability (fig. 2). The 
variances range from 3.50 to 5.42. The 
Percina sample has a variance of 2.08. 
There is a weak correlation of high varia- 
bility of hybrids with number of parents 
of the sample; however, the most vari- 
able E. spectabile sample (e) has one pair 
of parents. 

The reason for the variation of the 
means may be environmental. Three of 
the hybrid samples were raised at the 


same time as, and apparently under the 
same conditions as, three of E. spectabile 
(“a”, ana wae ane 
“d”, respectively). Developmental rates 
are similar in E. spectabile and these hy- 
brids. As two of the samples reared at 
the same time (hybrid “c’” and E. spec- 
tabile “e”) have a higher number of 
lateral line scales than other samples of 
the same kinds, ecologic conditions may 
have affected the number of lateral line 
scales. It is also possible that varied 
environmental conditions may affect the 
relative variability of the samples. 

None of the Colorado River hybrid 


, TABLE 2. Spinous dorsal rays 


M 
10.07 
E. spectabile « ‘‘b”’ 10.00 
l 9.89 
hybrid 11.22 
Percina 13.89 
9.96 
10.08 
E. spectabile + ‘‘c”’ 10.10 
10.36 
10.42 
11.75 
“bh” 11.32 
hybrid) 10.85 
11.53 
Percina 14.27 


0.378 3.75) 
0.392 3.92 

0.782 7.91 + San Gabriel 
0.679 6.05 

0.540 3.89. 

0.644 6.47) 

0.616 6.11 

0.641 6.35 

0.677 6.53 

0.649 6.23 

0.676 5.75 [ Colorado 
0.638 

0.718 

0.598 

0.674 
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TABLE 3. Soft dorsal rays 


6 
M 
13.75 
E. | 13.00 
13.22 
hybrid 13.36 
Percina 14.16 
1 12.65 
12.88 
E. spectabile>+ ‘‘c”’ 13.90 
13.25 
12.90 
14.71 
14.18 
hybrid 14.53 
13.90 
Percina 13.78 


samples approach the San Gabriel River 
sample in variability. Two of them, “a” 
and “‘c’”’, are skewed in the same direction, 
and show no indication of bimodality. 
We have plotted the scale number of hy- 
brid sample “c” against size to determine 
possible correlation (table 1). Not only 
is this the largest sample, but also it is 
one of the most successful samples that 
we have raised. Over 70% of the unfer- 
tilized eggs and over 87% of those known 
to have been fertilized are included in the 
data. However, due to the large size of 
the sample and resulting crowding, more 
than 6% of those completing the post- 
larval stage died before reaching count- 
able size. Except for three “runts’’ there 
is no apparent correlation of lateral line 


v 
0.441 3.21) 
0.620 4.77 
0.442 3.34 }San Gabriel 
1.185 8.87 
0.604 4.27 J 
0.631 4.99 ) 
0.607 4.71 
0.968 6.96 
0.660 4.98 
0.892 6.91 
0.859 5.84 Colorado 
0.797 5.62 
0.645 4.44 
0.578 4.16 
0.751 5.45 | 


scales with size. These three do not have 
other characters (color, etc.) approach- 
ing E. spectabile as do the smaller indi- 
viduals from the San Gabriel hybrid sam- 
ple. We suspect that any “runts” in the 
San Gabriel hybrid sample are among 
those that died prior to reaching count- 
able size since the small fish of that sam- 
ple do not have other phenotypic char- 
acters usually found in stunted fish. 


OTHER CouUNTS 


Four other meristic characters have 
been analyzed. In two of these, soft 
dorsal rays (table 3), and anal rays (table 
4), the hybrid sample is far more vari- 
able than any other from the San Gabriel 
River system. All of the extreme soft 


TABLE 4. Anal rays 


M 
9.43 
E. spectabile { 8.90 
8.44 
hybrid 11.04 
Percina 11.62 
f 8.86 
8.88 
spectabile + ‘‘c”’ 9.35 
9.19 
8.76 
11.58 
“b” 11.61 
11.33 
& 11.03 
Percina 11.38 


0.504 5.34) 
0.467 5.25 
0.527 6.24 > San Gabriel 
0.793 7.18 
0.567 4.88 J 
0.577 6.51 
0.607 6.84 
0.489 5.23 
0.910 9.90 
0.666 7.60 
0.775 6.69 f Colorado 
0.556 4.79 
0.568 5.01 
0.454 4.12 
0.751 6.60 | 
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TABLE 5. Pectoral rays (both sides) 


M 
25.00 
E. spectabile { — 24.04 
24.56 
hybrid 27.60 
Percina 27.83 
te 24.15 
24.05 
E. spectabile 4 “‘c”’ 24.70 
— 24.73 
23.47 
» 27.46 
27.17 
hybrid)...» 28.04 
y 26.92 
Percina 27.42 


dorsal ray counts are for hybrids, i.e., E. 
spectabile controls range from 12 to 15, 
P. caprodes controls range from 13 to 15, 
and the hybrids vary between 9 and 17. 
E. spectabile sample “c” is more variable 
than the hybrid sample in number of 
spinous dorsal rays (table 2), but because 
of the small number of specimens com- 
prising E. spectabile sample “c” the high 
variance may be due to chance. E. spec- 
tabile sample “a” is more variable than 
the hybrid sample in number of pectoral 
rays (table 5) ; however, the hybrids are 
more variable than any of the other three 
samples. 

The Colorado River hybrid samples 
are not appreciably more variable than 
their controls in any of the other four 
meristic characters. In all but the num- 
ber of spinous dorsal rays (table 2), a 
hybrid sample is the least variable. The 
only Colorado River hybrid sample that 
has a relatively high variance is the num- 
ber of pectoral rays in sample “c”. This 
same sample has the second lowest vari- 
ance in number of soft dorsal rays (table 
3), and also is very consistent in number 
of lateral line scales (fig. 2). 


DISCUSSION 


In each of the five characters analyzed, 
the San Gabriel River hybrid sample is 
among the most variable. In two of them, 
lateral line scales and soft dorsal rays, 


0.816 3.26) 

0.654 2-72 

0.726 2.96 > San Gabriel 
0.876 3.17 

0.763 2.74 

0.652 2.70 ) 

0.624 2.59 

0.864 3.50 

0.917 3.71 

0.819 3.49 

0.721 2.63 Colorado 
0.954 3.51 

0.548 1.95 

1.745 6.48 

1.032 3.76 | 


its variance is more than one and one half 
times that of the most variable other San 
Gabriel River sample. All of the San 
Gabriel River hybrids with low lateral 
line counts can be readily picked out from 
the others by their small size and color 
pattern. Often these fish with the fewest 
lateral line scales have other low counts. 
In each of these characters the fish ap- 
proach E. spectabile more than do the 
other hybrids. The Colorado River hy- 
brid samples are neither as variable nor 
do they have the strong correlation be- 
tween characters found in the San Gabriel 
hybrids. Selective mortality of the San 
Gabriel hybrids could not be the cause of 
the difference between the variabilities of 
the hybrid samples, as our most success- 
ful cross, Colorado River hybrid sam- 
ple “c,” (more than 70% of the eggs 
grew to countable fish), had a total range 
of 16 lateral line scales (in 183 indi- 
viduals) and our variable cross from the 
San Gabriel River had a range of 25 (in 
83 individuals). All of our Colorado 
River hybrids had a total range of only 
18 lateral line scales. As the variability 
occurred in fish from both aquaria, the 
variability potential must have been pres- 
ent in at least two of the San Gabriel 
spawns (see description of sample). It 
must be rare in the Colorado River, as 
none of the four samples analyzed or 
the two others examined superficially ap- 
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proached the variability of the San 
Gabriel hybrids. 

Not only do different fish populations 
vary morphologically, but also their po- 
tential for producing variable hybrids 
may be different. One must confirm sus- 
pected hybrid fertility with experimental 
work, as F, hybrids may be so variable as 
to lead one to consider them F,’s. 

The high variance of the San Gabriel 
River hybrids may be due to environ- 
mental or genetic causes. Environmental 
reasons are discounted, for the controls 
reared at approximately the same condi- 
tions are far less variable than the hy- 
brids. It is possible, however, that the 
controls were in a different developmental 
stage than the hybrids when they were 
transferred to warmer aquaria. Thus the 
hybrids could have been in a critical 
stage, such as that demonstrated for trout 
by Taning (1952) while the controls 
were not at such a stage. 

The conditions under which the highly 
variable hybrids were reared differ from 
those of all other laboratory samples ex- 
cept Colorado River hybrid sample “d” in 
that two females were used for each male. 
Fertilization of the eggs of the first fe- 
male stripped was thus delayed. It is 
possible that delayed fertilization may re- 
sult in highly variable offspring. 

Many genetic explanations for the ex- 
treme variability in the F, generation 
have been suggested to us. Among these 
is the possibility that natural hybridiza- 
tion has resulted in introgression. A seg- 
ment of the chromosome of one species 
became incorporated into a chromosome 
of the other species, or perhaps has been 
retained from that time when they had a 
common ancestor. The expression of the 
foreign chromosomal segment would oc- 
cur only when homozygous and in the ab- 
sence of suppressors. Some of the hy- 
brids may have had one parent with the 
foreign chromosome segment, and this 
segment is now homozygous and ex- 
pressed if the suppressor is absent. The 
presence of several E. spectabile-like 
characters in the same individual sup- 


ports this theory. The occurrence of the 
variability factor (or foreign chromosome 
segment) in at least two of the parents 
shows it to be moderately common. 
Therefore, it would have to be homozy- 
gous occasionally in the natural popula- 
tion. Likewise the absence of the supres- 
sor must occur frequently in nature and 
thus be absent occasionally in individuals 
with the homozygous foreign chromo- 
some segment. The distribution plot of 
the lateral line scales indicates that any 
foreign chromosome segment would be in 
Percina. If so, the segment without its 
suppressor would occur as a heterozygote 
in a minimum of two of six tested fish. 
We should have found several homozy- 
gotes (with many E. spectabile charac- 
ters) among the more than 100 Percina 
we have examined from that area. A 
similar line of reasoning pertains to the 
possibility of any foreign chromosome 
segment occurring in E. spectabile, ex- 
cept that at least two of 12 tested parents 
must be heterozygous, and we have seen 
over 1,000 E. spectabile from that lo- 
cality. It is possible, however, that indi- 
viduals of the parental species homozy- 
gous for the foreign chromosome segment 
will not survive in nature. Likewise, the 
constant presence of a recessive suppres- 
sor of the foreign chromosome segment 
would prevent the latter showing up in 
the pure species. It does not readily ex- 
plain the soft dorsal ray counts. In this 
character some San Gabriel hybrids are 
more extreme than any of their controls. 
A sample of minnow hybrids, likewise, 
far exceeded their controls in variability 
and showed far more fin rays (Clark 
Hubbs (1956). It is possible, however, 
that more parental laboratory controls 
will show that fish with extreme dorsal 
soft ray counts occur in the parental 
species but have a reduced survival rate 
in nature. Moreover, none of the lab- 
oratory hybrids between these species 
give any indication of being fertile. Hy- 
brid darters that have no sign of sexual 
dimorphism have never been found to be 
fertile. Those that have some secondary 
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sex characters have some degree of fer- 
tility. None of the hybrids between Per- 
cina caprodes and any species of Etheo- 
stoma show any such characters and are 
not expected to be fertile. In addition 
natural hybridization is at best very rare 
(see p. 2). 

Another explanation is that of modify- 
ing genes. The distribution of the lateral 
line scales also supports this hypothesis. 
Some of the E. spectabile may have a 
genetic factor which strongly influences 
the lateral line count toward a point in the 
50’s, at or near the mean number of 
lateral line scales of E. spectabile. This 
theory, likewise, does not readily explain 
the extreme fin ray counts of the many 
darter and minnow hybrids. It is still 
possible that the fish with the extreme 
dorsal soft ray counts would not survive 
in nature. 

A third explanation is that of variable 
developmental rates. Many workers have 
demonstrated that environmental condi- 
tions during early ontogeny may modify 
the number of meristic characters (see 
Carl L. Hubbs, 1926). Martin (1949) 
showed that growth variation is the re- 
sult of differential developmental periods. 
The rate of development of a given char- 
acter is changed at certain periods, which 
he called points of inflection. The forma- 
tion of segments is probably subjected to 
more than one different developmental 
rate, each separated by a different point 
of inflection. The characters presented 
here are all segmental and thus result 
from complex developmental rates. Tan- 
ing’s (1952) critical period for the forma- 
tion of vertebrae may well be an expres- 
sion of a developmental rate strongly af- 
fected by temperature. Obviously the 
points of inflection of the parental species 
are very different. If by some chance a 
hybrid individual had the point of inflec- 
tion of one species for the initiation of 
the period in which that character was 
laid down and the point of inflection of 
the other species for the stopping point, 
that hybrid could be more extreme than 
either parent. As the points of inflection 


undoubtedly are multiple and complex, 
it is possible to have the varying results 
of the San Gabriel hybrids. Perhaps the 
points of inflection of the Colorado hy- 
brids are more consistent. The different 
laboratory conditions under which the hy- 
brids from the two regions were raised 
should result in different points of in- 
flection being affected. It is possible to 
theorize that the variation of the points 
of inflection is due to past introgression. 
However, as fertility between the species 
in question is extremely doubtful we favor 
retention of genetic units from a common 
ancestor. 

Regardless of how the high degree of 
variability of the hybrids occurred, it is 
not likely that it results from any phe- 
nomenon that does not occur in nature. 
Therefore, natural hybrids with a high 
variance could be F,’s. 


SUMMARY 


A sample of F, hybrids between the 
orangethroat darter and the logperch 
stocks from the San Gabriel River, Texas, 
varies widely in a number of morphologic 
characters. A similar variability of nat- 
ural hybrids is often used as a criterion 
for hybrid fertility. Assuming hybrid 
fertility based only on high variability of 
wild hybrids is to be avoided. 

No fertility is known in hybrids of this 
combination and is not expected. 

Hybrids of the same combination from 
Colorado River stocks are no more vari- 
able than their parental stocks. 
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INTRODUCTION 


The genus Amaranthus is notable 
mainly because of the success of many of 
its members as fellow-travelers of man- 
kind. Sometimes deliberately cultivated 
as grain crops, green vegetables, dye 
plants, or ornamentals, more often un- 
intentionally encouraged weeds, many 
amaranth species have spread and diversi- 
fied with the advance of artificial habitats 
on every continent. 

The part of the genus considered here 
is a group of ten related North American 
species, sharply set off from all other 
amaranths of the world by their dioecious 
habit. Descriptions of the morphology 
and geography of each species, docu- 
mented by specimen citations, with other 
information appropriate to a conventional 
taxonomic revision, are given elsewhere 
(Sauer, 1955). The present paper is an 
attempt to reconstruct some of their his- 
tory. This group is more open to such 
reconstruction than most of the genus be- 
cause its distribution and heredity were 
less radically reshaped by ancient man. 
None of the dioecious amaranths have be- 
come domesticated plants or pandemic 
weeds. Yet, they have also been increas- 
ing in geographic and genetic ranges in 
response to civilization. Tracing their 
comparatively plain case histories may be 
a fair approach to understanding the be- 
havior of the whole genus. 


SourcES OF EVIDENCE 


The direct historical record of these 
plants has the usual defects. A hundred 


1 This work was aided by a grant from the 
Wisconsin Alumni Research Foundation and 
was completed during a visting curatorship at 
the University of Michigan Herbarium. 
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years ago half the species had not even 
been recognized by taxonomists; fifty 
years earlier only one was known. Down 
to modern times, published references to 
the group have commonly been spoiled 
by doubtful taxonomy and thus have pre- 
served only scattered bits of usable in- 
formation. The herbarium record also 
has serious deficiencies. In most areas 
the earliest collections were antedated by 
intensive settlement and presumably by 
major readjustments in the flora. From 
some areas collections have always been 
too few and far between to give adequate 
population sampling. The avowedly sub- 
jective way in which collection spots 
and individual plants usually have been 
chosen is clearly contrary to all rules of 
random sampling. Nevertheless, incom- 
plete and biased as it is, the herbarium 
record is the only major source of direct 
evidence on morphology and geography 
of these species at different time levels. 
Fortunately, some of the recent changes 
seem to have been sufficiently drastic to 
emerge as coherent patterns from very 
imperfect documentation. The danger of 
attributing reality to differences produced 
by the vagaries of sampling can be re- 
duced greatly, probably to a tolerable 
level, by limiting comparisons to broad 
morphological, geographical, and time 
classes, each documented by substantial 
numbers of collections. Uniform broad 
class intervals are used here consistently 
for all tabulations in spite of the tempta- 
tion to cut them finer in judiciously se- 
lected cases where the data would make a 
good story. Collections tabulated are the 
same as those cited individually in the 
taxonomic revision, an aggregate from 41 
herbaria of slightly over 2,000 separate 
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egate of herbarium collections. 
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collections gathered by about 700 dif- 
ferent people. The complete set is used 
throughout except that some specimens 
are barred from some tabulations by lack 
of data on habitat, place, or date. 

Some indirect evidence on past events 
is obtained by correlating present dis- 
tribution and variation patterns with hab- 
itats known to differ in age. I have first- 
hand field knowledge of these patterns for 
only five of the species, but they have 
been studied repeatedly in ten states of 
the United States and Mexico. Random 
mass collections from these places have 
provided all the so-called population sam- 
ples treated in this paper. Representative 
specimens of each are deposited in the 
University of Wisconsin Herbarium. 

The species will be considered in three 
groups, the first in some detail, the other 
two very briefly and mainly by com- 
parison with the first. 


INTERIOR SPECIES 
Gross Distribution Patterns 


Three of the commonest dioecious spe- 
cies, A. tuberculatus, A. tamariscinus, and 
A. arenicola, now cover much of the 
center of North America with their over- 
lapping ranges (fig. 1). 

In delimiting these ranges a minor 
special set of individuals has been ex- 
cluded. These are the waifs, isolated 
ephemeral outposts found far beyond the 
coherent ranges of their species. Waifs 
of all three interior species have been col- 
lected in widely-scattered states since late 
in the 19th Century. Most of them grew 
in urban sites such as railroad yards, 
ballast dumps, and mill waste. Typically 
single males or unpollinated females found 
but once in the same locality, they are 
properly ignored in plotting distribution 
patterns. 

The gross ranges of the three species 
have not been equally stable during the 
last hundred years. A. tuberculatus may 
have been almost static. A hundred years 
ago its known range already included 11 
states widely distributed along the Mis- 


souri, Mississippi, and Ohio river sys- 
tems. By 75 years ago it was recorded 
from essentially all of its present range, 
with the possible exception of the extreme 
northeastern part. The oldest specimens 
seen from New York, New England, and 
Quebec all date from between 1880 and 
1900, but there are some taxonomically 
ambiguous published records which sug- 
gest that the species was present in part 
of this area by 1850. 

A. arenicola does not seem to have been 
much more mobile. Here again there is 
a suggestion of limited recent northeast- 
ward expansion. In the zone of present 
overlap with A. tuberculatus, in South 
Dakota and Nebraska, A. arenicola was 
first recorded about 1890, fifty years later 
than A. tuberculatus. Southward along 
the whole long belt now shared by A. 
arenicola and A. tamariscinus, in each 
state from Nebraska to Texas A. arenic- 
ola was first collected west of the zone of 
overlap and there was an average delay 
of 40 years before it was recorded within 
that zone. If this discrepancy results 
from migration, which is by no means 
proven by the sparse early record, the 
expansion must have been completed 
quickly, as there is no evidence of east- 
ward movement since 1900. On other 
sides of its range, A. arenicola has not 
advanced for a hundred years. Two of 
the very oldest collections are from its 
present western border in Colorado and 
southern border on the Rio Grande. 

The story of A. tamariscinus has 
clearly been different. It was discovered 
120 years ago in Oklahoma and until a 
hundred years ago was known only from 
Missouri, Kansas, Oklahoma, and Texas. 
Additions to its known range during each 
succeeding quarter century have been: 
first, Iowa, Nebraska, and Illinois; sec- 
ond, the Dakotas and Arkansas; third, 
Wisconsin, Indiana, and Tennessee; last 
Minnesota. It would be foolish to sup- 
pose that the species first arrived in each 
of these states in the period mentioned, 
but there is a consistent northward and 
eastward accretion through time which is 
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unrelated to the sequence of botanical ex- 
ploration of the region. 

Comparison of records of A. tubercula- 
tus and A. tamariscinus reinforces the im- 
pression that the latter has been moving 
into old territory of the former. In all 
of the 11 states now shared by these 
species, A. tuberculatus has the older rec- 
ord, with an average difference of over 40 
years. (For Arkansas, priority of A. 
tuberculatus is not established by the spe- 
cimens examined but by information sup- 
plied by Prof. Dwight Moore from a 
19th Century list at the University of 
Arkansas. ) 

On a slightly less crude scale, the same 
movement is apparent in the sequence of 
records within certain states. For ex- 
ample, the early Illinois records of A. 
tamariscinus are all from the extreme 
west in the Mississippi River bottom- 
lands. Apart from a few waifs, almost 
all in the Chicago area, no deep penetra- 
tion was evident until the 20th Century. 
In most of the Illinois counties where it 
now grows, the earliest records date from 
after 1940. These records do not gen- 
erally represent a few stragglers; I have 


seen the species flourishing in large 
colonies at various places in Illinois. In 
1952 it was pointed out to me on a farm 
near Moweaqua as a new but common 
cornfield weed in that area. In the same 
year my colleague, Prof. Herbert Clarke, 
found a large colony in a cornfield in cen- 
tral Indiana, the first known record of the 
species from that state east of the Illinois 
border counties. 

The western limit of A. tamariscinus 
seems to have been quite stationary at its 
southern end. Its present limit in Texas 
is no farther west than were several 
widely-spaced colonies from which collec- 
tions were made over a hundred years 
ago. Farther north, the western border 
may not have been fixed until about sixty 
years ago. All the way from South 
Dakota to Oklahoma, the earliest collec- 
tions of A. tamariscinus are from east of 
the present zone of overlap with A. 
arenicola. A. tamariscinus was not re- 
corded from this zone until the 1890's, 
when it was found at a dozen different 
places well spaced along the present front. 

Thus the present extensive overlap of 
the three interior species is probably the 


TABLE 1. Interior species: relative abundance in different zones and periods, 
as indicated by aggregate of herbarium collections 


50 years A. arenicola A. tamariscinus A. tuberculatus 

Actual number of collections 
Zone now shared by 1856-1905 22 16 — 

A. arenicola + 

A. tamariscinus 1906-1955 43 64 —- 
Zone now shared by 1856-1905 — 30 82 

A. tamariscinus + 

A. tuberculatus 1906-1955 — 113 96 
Zones now occupied 1856-1905 40 109 152 

by only one of the 

species 1906-1955 79 177 176 


Percentage of all comparable collections (same species and period) which are from shared zones 


1856-1905 


35 30 35 


1906-1955 


35 50 35 


The few collections from the zone of triple overlap are omitted from this table. 
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product of migrations during the last 
hundred years. This is not to say that 
there was formerly no contact between 
the species. There must have been at 
least local contacts to account for some 
very early collections of apparent hybrids, 
to be discussed below. Yet there has cer- 
tainly been recent deepening of the shared 
zones, mainly by the advance of A. ta- 
mariscinus, with some collaboration from 
A. arenicola, perhaps little or none from 
A. tuberculatus. The dynamic, expansive 
behavior of A. tamariscinus as compared 
to the other species is best summed up by 
data on changes in their relative abun- 
dance in the shared zones (table 1). It 
appears that in each of these zones A. 
tamariscinus was formerly outnumbered 
by the other species but is now in the 
majority. Moreover, it is evident that 
the proportion of the total A. tamarisci- 
nus population living in the peripheral, 
shared zones has been increasing greatly 
relative to the population in the old ex- 
clusive territory of the species, while the 
other two species have maintained a con- 
stant proportion between the population 
size in shared and exclusive territories. 


Habitat 


In their dissimilar climatic provinces, 
all three interior species occupy similar 
microenvironments. Each has its main 
stronghold along sandy and muddy 
streambanks, lakeshores, and pond mar- 
gins. The bulk of the populations is in 
very open sites, covered and reworked by 
water during part of every year. Ama- 
ranths have few competitors in such 
places, probably largely because the grow- 
ing season is usually short and always 
undependable. 

The success of all amaranth species in 
exploiting unstable habitats is aided by 
their annual habit and their remarkable 
ability to produce flowers, under proper 
photoperiods, at almost any size and age. 
In any of the interior dioecious species, a 
plant which had an early start can grow 
taller than a man and mature tens of 
thousands of seeds, but even a late starter 


with only a few weeks to grow can pro- 
duce a small crop of seed. Garner and 
Allard described this behavior of Ama- 
ranthus in their pioneer paper on photo- 
periodism (1920, p. 596) and shortly 
afterward (1923, p. 873) reported experi- 
mental plantings of the monoecious A. 
hybridus in which age and size at flower 
initiation were reduced in plants given 
artificially shortened photoperiods in con- 
trast to those receiving natural summer 
illumination. I have obtained similar 
contrasts in age and size at flower initia- 
tion in the dioecious A. tuberculatus by 
germinating seed at different dates under 
the natural progression of day lengths 
(specimens 1592-4 to 1592-10 in the 
University of Wisconsin Herbarium). 
The rigid photoperiod control of flower 
initiation in these plants was shown most 
strikingly by winter plantings of various 
species in a Cornell University green- 
house (Murray, 1938, pp. 49-50). These 
commonly began flowering within 2 
weeks of germination, in extreme cases 
within a week, sometimes before any 
leaves except the cotyledons were formed. 

The opportunism and fitness of these 
species for survival in habitats disturbed 
by water has apparently preadapted them 
for exploiting habitats disturbed by man. 
In each species substantial minority 
groups are weeds of artificial habitats, 
usually in lowlands where fields or ditches 
contact their natural strongholds. 

Direct evidence is too poor to give a 
precise chronology of the buildup of the 
weed populations of artificial habitats 
Older specimens rarely bear habitat data, 
and information on recent specimens is 
commonly sketchy or ambiguous. In 
order to have a substantial number of 
records for comparison, it is necessary to 
guess that “waste ground” means an arti- 
ficial habitat, that “along a creek” means 
a natural one, and so on. The resulting 
tabulation (table 2) shows no clearcut 
change, consistent for all species and 
zones, in the proportion of specimens 
from the two habitat classes during the 
last century. When all species and zones 
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TABLE 2. Interior species which bear habitat data: relative abundance in different habitats, 
zones and periods, as indicated by aggregate of herbarium collections 


50 years 


A. arenicola A. tamariscinus A. tuberculatus 


Actual number of collections, artificial: natural habitats 


All zones now shared by 1856-1905 4:5 738 9:29 
two of the species 
1906-1955 15:11 69:59 24:59 
Zones now occupied by 1856-1905 0:10 13:18 20:58 
only one of the species 
1906-1955 22:36 48:90 29:113 


Percentage of all comparable collections (same species and zone, both periods combined), which are 


from artificial habitats 


All zones now shared by 54 54 27 
two of the species 
Zones now occupied by 32 36 22 


only one of the species 


are combined, the percentage of collec- 
tions from artificial habitats shows a 
slight rise, from 30 to 36 per cent in 
successive half-century periods. At first 
glance the smallness of the increase might 
be taken to show that the weed popula- 
tions had built up nearly to present levels 
quite early. There is an alternative ex- 
planation, a systematic change in sain- 
pling. During the 19th century, collect- 
ing of these plants was heavily concen- 
trated in urban areas, along streetcar 
lines, and within walking distance of uni- 
versities. The situation has since been 
reversed. The probability that most 
modern collectors will stop their cars and 
start pressing plants is a fairly direct 
function of their distance from home and 
the wildness of the site. Eccentrics who 
collect in railroad yards and vacant lots 
near home have little hope of getting their 
specimens incorporated into herbaria al- 
ready heavily loaded with old collections 
from the same places. Thus it could be 
argued that the mere lack of sharp change 
in the proportion of collections from arti- 
ficial habitats is evidence of continuing 
buildup of populations in artificial habi- 
tats. 

The same data give better evidence on 


a different point. A. tamariscinus and A. 
arenicola, the species which have probably 
been expanding their ranges recently, 
show up more often as weeds of artificial 
habitats than does A. tuberculatus, par- 
ticularly in zones of overlap. Apparently 
their recent invasions of these zones have 
been mainly along avenues cleared by 
human activity, although colonization ex- 
tends into scattered, apparently natural 
sites along streams. A few of these may 
be truly natural and unchanged spots, 
formerly suited but inaccessible to the 
invading species. Perhaps most are less 
pristine than they look and were prepared 
for invasion by indirect artificial dis- 
turbance, mainly stemming from clearing 
and cultivation of watersheds. Increased 
fluctuation in stream flow and sediment 
movement must have made floodplains in 
the invaded territory more like those of 
the western rivers from which the in- 
vaders came. 


Variation Patterns and Hybridization Be- 
tween the Interior Species 


Morphological divergence of these three 
species, particularly in pistillate flower 
characters (fig. 2), is so impressive that 
they were always assigned to at least two 
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separate genera prior to the recent taxo- 
nomic revision. Actually the three are 
probably more closely related than many 
other Amaranthus species, but their di- 
vergence is sufficient to suggest long 
separate histories with effective barriers 
to interbreeding. 


At the present time, although a simple 
concept of three internally homogeneous 
and externally discontinuous species can 
still accommodate most individuals, the 
species definitions are dimmed by a 
strong minority of variants. Recent mu- 
tation and recombination within the sepa- 


A. cannabinus 
Left to right 


BRACT. 


PISTILLATE FLOWER PARTS 


UTRICLE, with seed outlined by broken 
line. Horizontal line indicates dehiscence. 


TEPALS, longe 


A. floridanus 
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A. tuberculatus 


A. australis 
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A. arenicola 


A. taemeariscinus 


A. Greggi 


A. Watsoni | 


Fic. 2. 


Pistillate flower parts of the dioecious amaranth species and apparent hybrid 


intermediates, based on specimens indicated in table 5. 
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rate species can account for some of this 
variation, particularly the sort that is 
duplicated in many different species, 
monoecious and dioecious. Examples are 
the ubiquitous diversity of anthocyanin 
pigment factors or the rare production of 
individuals with bisexual flowers, a mon- 
strous character in Amaranthus but nor- 
mal in most other genera of the family. 
Such variants in this group have some- 
times been given taxonomic recognition, 
but since they show no perceptible pat- 
terns in space or time, they are disre- 
garded here. 

The bulk of the variants is clearly not 
the product of internal processes within 
separate species, because they are concen- 
trated in zones where two of the interior 
species overlap and their variation con- 
sists of reshuffling the characters that dif- 


A. Acanthochiton 
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A. Palmeri 


ferentiate these species. These plants are 
clearly of hybrid origin. 

It is possible to suggest an alternative 
explanation, that they represent an old 
variable ancestral population, a “genetic 
pool” from which the invariable extremes 
have been derived. These extremes, 
which we have been calling species, would 
then be false taxa since they would 
never have been discontinuous. Anderson 
(1953, pp. 296-297) has presented a gen- 
eral criticism of the genetic pool hypoth- 
esis as applied to comparable intermedi- 
ates between species in other genera. In 
the present situation this hypothesis runs 
into special trouble. A. tamariscinus 
would have an embarrassment of an- 
cestral riches with two different genetic 
pools on opposite sides of its present 
range. Moreover far-fetched sub-hypoth- 


A. cannadbinus 


A. floridanus 
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A. tamariscinus 
435 


Fic. 3. Relative abundance of the dioecious amaranth species and apparent hybrids, as 


indicated by aggregate of herbarium collections. 


Starting with A. cannabinus and proceeding 


clockwise around circumference, species were arranged in taxonomic order suggested by com- 
parative morphology. For simplicity, a single intermediate category is used between each 
species pair, rather than two as in tables 3+4. 
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Length 8 (7) brect, am Length drect, mm. 
1. ! 


| 88 


A tuberculatus vs. A ftamariscinus, population samples: 

A Collection 1990, floor of drained millpond M ie, wi 

B Collection 1692, sondbder in Loup River acer Columb 

C Cottection 1696, k and ditch in heavily grated pasture near Dumont, lows. 


O PLANT 2 PLANT 


Characteristics represented on individual plant symbols: 

Top sector: Width ef bract migrid. 

Right sector: Shape of lef. 

Bottom sector: Demscence of utricile m8, Excurrence of tepal midvern in 
Left sector: Length of inflorescence in $; Erectness of inflorescence in / 


White sector of 4 tudereu/etus. 
Biack sector: Charecterietic of A femeriscinus 


Dotted sector Intermediate. 


D Collection 1482, cornfield in Missvesippi River floodpiain neer Saint Lovie, Missour!. 


0.7 
F i 

i 


62) Giz) 


A tamariscinus vs. A arenicola, population samples: 
E> Collection 1692, seme as B (above) 
F: Collection 1691, sandy bank of North Platte River near North Platte, Nebraska 


O PLANT O PLANT 


Characteristics represented on individual pliant symbols 
Top sector Shape of tip of tongest tepal. 
Right sector Length difference between outer and inner tepals 
Bottom sector: Width of bract lamina. 
Left sector Ridging of bract midrib. 


White sector: Cheracterietic of 4 
Black sector Characteristic of A erenicela 
Dotted sector: Intermediate 


G Collection 1683, sandy cornfield on dank of Republican River near Franklin, Nebraska. 


T 


© 
® 
® 


mn. 
4 


Length (7) brect, 
3.0 ° 


A Watsoni vs. A Palmeri, population sample: 
H Collection 1666, sandy banks of irrigation diteh in Colorado River valley near Blythe, California. 


The Doxed symbols represent typical non-hybrid plants of each species: upper right, collection 1135, 
from Mexico; lower left, an unnumbered collection by Aschmenn from 


Baja California, Mexico. 
PLANT 


PLANT 


Characteristics represented on individual plant symbols 
Top sector: Pubescence of bdract. 
Right sector: Ratio of petiole to teat length 
Bottom sector: Shape of tip of longest tepal. 
Left sector: Length difference between outer and inner tepals. 


White sector Chrerceterietic of A wetron/ 
Black sector Characteristic of A. 
Dotted sector Intermediate 


Fic. 4. Distribution of diagnostic characters in random samples from pure and mixed 
populations of certain dioecious amaranth species. 


eses would be needed to explain two ob- 
servations about these species: first, vari- 
ation in the two genetic pools is confined 
to characters which are opposites in the 
invariable extremes; second, all charac- 
ters vary within the same geographic 


limits, which also define the zone ‘of over- 
lap between the invariable extremes. 
These observations are based on impres- 
sions from the aggregate of herbarium 
specimens and therefore cannot be docu- 
mented briefly. 
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Fortunately, there is a simpler and 
more elegant way of rejecting the genetic 
pool hypothesis and establishing the hy- 
bridity of these variants. That is by 
plotting population samples on Ander- 
sonian scatter’ diagrams, a method ade- 
quately described elsewhere. Anderson 
(1953) gives a comprehensive list of ref- 
erences to the burgeoning literature. The 
special virtue of these diagrams is that 
they give a synoptic view of an entire 
population sample without loss by statis- 
tical generalization of the basic informa- 
tion on character complexes of individual 
plants. 

When such diagrams are plotted from 
population samples of the three interior 
species, they demonstrate some of the 
points already mentioned : the strong con- 
trast between low variability in zones 
where the species are solitary (fig. 4 A, 
B, E, F) and high variability in zones 
where they overlap (fig. 4 C, D, G) and 
also the fact that this variability is based 
on reshuffling of species-differentiating 
characters. More important, these dia- 
grams show something else, that the re- 
shuffling of characters is not random and 
free, even in highly variable populations, 
but tends to repeat character associations 
of the species. All of this makes good 
sense only if the variants in the zones of 
overlap are admitted to be recent hybrids 
in which old linkage groups of the parent 
species have not yet disintegrated. 

Direct evidence against existence of any 
effective internal barriers to interbreeding 
was developed by Murray (1940A, p. 
413) when he produced fertile, artificial 
A. tamariscinus X A. tuberculatus hy- 
brids in the course of work on another 
problem. 

Beyond establishing the fact of hybrid- 
ization lies the greater problem of tracing 
its consequences. These are not fully as- 
sessable because it takes only a few back- 
crossings before the descendants of an ob- 
vious hybrid begin to look like pure ex- 
amples of the recurrent parent. The 
speed with which flagrant hybridity can 


— 


— 1 


Fic. 5. Distribution of diagnostic characters 
in random sample of progeny of a single open- 
pollinated female. (Legend same as figure 4D, 
in which mother plant also appears.) 


become subtle is shown by comparing a 
mongrel mother plant and progeny as 
graphed in figure 5. The mother was un- 
mistakably intermediate between A. tu- 
berculatus and A. tamariscinus; the 
father(s) may have been close to A. 
tuberculatus, although no pure colony of 
that species grew in the immediate vicin- 
ity. Taken individuality some of the off- 
spring could have passed as pure A. tu- 
berculatus. Such plants may retain vari- 
ation which could be detected by more 
sensitive methods than I have been able 
to develop, but in the present treatment 
recognition of hybrids is certainly incom- 
plete. As used here the term encom- 
passes only individuals whose intermedi- 
acy is made obvious by the large number 
or large effect of genes contributed by 
both parent species. This does not imply 
a focus on FI’s, which are rare among the 
specimens seen, if they occur at all. 
Rather than being exact intermediates, 
natural hybrids in this group usually ap- 
proach one or another of the species so 
closely that they can be given species 
names without being highly arbitrary. In 
all tabulations these apparent hybrids are 
placed under the species they most re- 
semble, except in figure 3 where a single 
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intermediate group is used between each 
species pair. 

Considering the lack of sensitivity in 
their detection, the high number of ap- 
parent hybrids between A. tamariscinus 
and the other two interior species is a bit 
startling (fig. 3). The low number of 
intermediates between A. tuberculatus 
and A. arenicola may reflect their limited 
geographic overlap rather than an internal 
isolating mechanism. 

Hybridization in this group is older 
than the scientific record. There are ap- 
parent hybrid intermediates among the 
earliest collections, including the following 
examples in the Gray Herbarium and the 
Missouri Botanical Garden: A. tuber- 
culatus—A. tamariscinus: collected in the 
St. Louis area by both Thomas Drum- 
mond and George Engelmann; A. tama- 
riscinus—A. arenicola: collected along the 
Liano River in Texas by Ferdinand Lind- 
heimer; A. tuberculatus—A. arenicola: 
collected somewhere in Nebraska by F. 
V. Hayden. All of these are more than a 
hundred years old. 

Whatever the starting date, some 
changes resulting from hybridization have 
continued into the period of record. Out- 


side present zones of overlap the number 
of hybrids, probably descendants of waifs, 
has always been trivial. Within overlap 
zones, the proportion of hybrids col- 
lected seems to show meaningful changes 
during the last hundred years (table 3). 
The trend is downward for A. tamarisct- 
nus, most strikingly in the area shared 
with A. tuberculatus, as would be ex- 
pected if the migration story outlined 
above is true. In early stages of the in- 
vasion of the old territory of A. tuber- 
culatus, scattered outposts of A. tamari- 
scinus should have less chance of pro- 
ducing passably pure offspring than in 
later stages after the buildup of popula- 
tion numbers of the invading species. In 
the same zone, the invaded group, A. 
tuberculatus shows the expected rise in 
hybridity. Specimens from the zone of 
overlap between A. tamariscinus and A. 
arenicola are too few to justify much in- 
terpretation, but they suggest a similar 
story, with A. arenicola present first in 
most of the present zone of overlap. 
Within the zones of overlap the hybrids 
also show an intelligible relationship with 
habitat classes. In all species, the ratio 
of hybrids to non-hybrids is higher in 


TABLE 3. Interior species: relative abundance of apparent hybrids and non-hybrids in different 
zones and periods, as indicated by aggregate of herbarium collections 


50 years A. arenicola A. tamariscinus A. tuberculatus 

Actual number of collections, hybrids: non-hybrids 
Zone now shared by 1856-1905 8:14 7:9 —_- 

A. arenicola + 

A. tamariscinus 1906-1955 24:19 22:42 
Zone now shared by 1856-1905 — 16:14 28:54 

A. tamariscinus + 

A. tuberculatus 1906-1955 — 47:66 38:58 
Zones now occupied 1856-1905 1:39 1:108 1:151 

by only one of the 

species 1906-1955 2:77 1:175 3:173 


Percentage of all comparable collections (same species and period), which are hybrids 


Shared zones only 1856-1905 


36 50 34 


1906-1955 


56 39 40 
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TABLE 4. Interior species which bear habitat data: relative abundance of apparent hybrids and 
non-hybrids in different habitat classes and zones, as indicated by aggregate 
of herbarium collections, both 50 year periods combined 


Habitat A. arenicola A. tamariscinus A. tuberculatus 

Actual number of collections, hybrid: non-hybrid 
Zone now shared by Artificial 10:9 9:15 — 

A. arenicola + 

A. tamariscinus Natural 7:9 3:14 —_ 
Zone now shared by Artificial — 22:30 17:16 

A. tamariscinus + 

A. tuberculatus Natural —_— 22:25 20:69 
Zones now occupied Artificial 1:21 2:59 1:48 

by only one of the 

species Natural 1:45 1:107 3:168 


Percentage of all comparable collections (same species and habitat class) which are apparent hybrids 


Shared zones only Artificial 


53 41 52 


Natural 


44 39 22 


artificial than in natural habitats (table 
4). In A. tuberculatus the proportion of 
apparent hybrids is more than twice as 
great in collections from artificial habitats 
as in those from natural habitats. The 
contrast is weakest for A. tamariscinus 
because of the special behavior of this 
species in territory shared with A. tuber- 


culatus. In that territory the frequency 
of hybrid deviants of A. tamariscinus is 
apparently lower in artificial than in nat- 
ural habitats. This anomaly is again con- 
sistent with the postulated migration his- 
tory of the species. If A. tamariscinus 
had been fitted to displace A. tuberculatus 
from natural habitats in this zone, it 


TABLE 5. Specimens shown in figure 2 


Drawings of species from same specimens, mostly types, as in taxonomic 


revision (Sauer, 1955, p. 8) 


Intermediates drawn from the following specimens: 


Putative parents 


Collector (and No.) 


Place 


Year 


. arenicola—Greggit 

. Acanthochiton—A. Palmeri 
. arenicola—A. Palmeri 

. arenicola—A tamariscinus 
. arenicola—A. tuberculatus 

. australis—A. cannabinus 

. australis—A.. floridanus 

. australis—A. tamariscinus 
. australis—A. tuberculatus 

. Palmeri—A. tamariscinus 

. Palmeri-A. Watsoni 

. tamariscinus—A. tuberculatus 


E. Palmer (266) 

O. B. Metcalfe (—) 
O. E. Sperry (879) 
H. Hapeman (—) 
F. V. Hayden (—) 
A. H. Curtiss (2379) 
A. H. Curtiss (5775) 
R. Runyon (29) 
Tracy & Lloyd (37) 
G. L. Fisher (276) 
C. B. Wolf (2280) 
H. Eggert (—) 


East of Tampico, Tamaulipas 1910 


Mangas Springs, N. M. 1901 
South of Alpine, Tex. 1940 
Franklin, Neb. 1934 
Nebraska 1853 
Duval County, Fla. 1880 
Cape Canaveral, Fla. 1896 
Brownsville, Tex. 1925 
Pas a L’Outre, La. 1900 
Houston, Tex. 1918 
East of Holtville, Cal. 1928 
St. Clair Co., Ill. 1892 


Collections are in the following herbaria: Hapeman, Wolf: University of California; Hayden, 
Curtiss 5775: Missouri Botanical Garden; others: U. S. National. 
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would not have been barred from there 
until recently. Its invasion has been con- 
centrated in new artificial habitats, which 
it sometimes has to itself, sometimes 
shares with outnumbered and mongrel- 
ized A. tuberculatus outposts. In natural 
habitats in the same zone the situation is 
reversed: A. tuberculatus remains pre- 
dominant and comparatively pure, while 
A. tamariscinus is outnumbered and 
heavily mongrelized. 


Hybridization with Other Dioecious 
Species 

There are various areas where one or 
another interior species overlaps the range 
of another dioecious amaranth and in al- 
most every such area suspected hybrids 
have been collected (figs. 1 to 3). There 
is no evidence that any of these are im- 
pressively abundant or have become 
sources of significant variation for the in- 
terior species. 


Hybridization with Monoecious Species 


To make the main story clearer, a 
minor class of plants has so far been with- 
held for separate consideration. This is 
a special set of sterile individuals. Some 
are neuter plants with inflorescences made 
up of empty bracts. Others have flowers 
by the thousands, all arrested in develop- 
ment without pollen shedding or seed set. 
In the approximately 2,000 collections of 
dioecious amaranths examined, about 70 
included one or more sterile plants. The 
great majority of those were mixed with 
one of the three interior species. Al- 
though none are monoecious, they are 
morphologically intermediate between di- 
oecious and monoecious species. 

The suspicion that they are hybrids be- 
tween these has been confirmed, more or 
less incidentally, by an investigation of 
the genetics of sex determination in the 
Amaranthaceae (Murray, 1938, 1940A). 
By artificial crosses between various 
monoecious and dioecious Amaranthus 
species, Murray obtained F1’s which in- 
cluded both the neuter and the dioecious 
sterile types already mentioned. Many of 


his hybrids involved species which may 
have never met in nature but he also 
crossed, in all possible ways, four species 
which have abundant natural contacts: 
the dioecious A. tuberculatus and A. 
tamariscinus and the monoecious A. hy- 
bridus and A. retroflexus. A. hybridus 
occurs through all but the northwestern 
portions of the ranges of the two dio- 
ecious species; A. retroflexus blankets 
the ranges of both. 

Murray’s creations (for example, his 
specimens 379, 3720, 3754, in Cornell 
University Herbarium) are morphologi- 
cally good duplicates of many spontane- 
ous sterile plants (for example, my col- 
lections 1474, 1475, 1478, 1480, 1482B, 
1604, in University of Wisconsin Her- 
barium). Together they demonstrate 
that the species mentioned are engaged in 
a great four-cornered and promiscuous 
free-for-all over much of the midwestern 
United States. Since mingling of the 
parents and begetting of sterile hybrids 
are commonest in heavily disturbed habi- 
tats, the process has undoubtedly been ac- 
celerating recently, but it may have 
started long ago. Although their habitat 
ranges are not alike, the monoecious and 
dioecious species meet along riverbanks, 
where they may have made occasional 
contact since prehuman times. All four 
species are ancient in North America; the 
often repeated statement that A. retro- 
flexus was introduced to the United 
States from tropical America is a fantasy, 
for the species is unknown in the tropics. 

Whatever their antiquity, there is no 
indication that these hybrids have bred 
successfully, either among themselves or 
with the parent species. Murray reported 
that over 90 per cent of their pollen was 
visibly defective under the microscope, as 
compared to somewhat over 50 per cent 
in monoecious X monoecious or dioecious 
xX dioecious interspecific hybrids. Cyto- 
logical investigation of meiosis in a mo- 
noecious X dioecious F1 showed almost no 
pairing, almost all chromosomes behav- 
ing as univalents and being distributed 
haphazardly (Murray, 1938, p. 64). In 


a 


= 


| 
| 
| 


| 
T 
| 
} 


24 JONATHAN SAUER 


spite of massive plantings, Murray ob- 
tained no diploid offspring whatever, 
either F2’s or backcrosses, from the 
monoecious X dioecious Fl’s. He did ob- 
tain polyploid progeny, both from fertile 
colchicine-induced amphidiploids and from 
the rare unreduced gametes produced by 
the haphazard meiosis in untreated sterile 
hybrids (1940A, 1940B). 

There are a few specimens from nature, 
with curious tendencies to gigantism of 
seeds and other parts, reminiscent of 
Murray’s polyploids (for example, un- 
numbered collections by J. J. Davis in the 
University of Wisconsin Herbarium and 
by J. H. Kellogg and J. B. S. Norton in 
the Missouri Botanical Garden). These 
appear to represent scattered and ephem- 
eral individual variants rather than es- 
tablished populations. As long as poly- 
ploid populations are unknown in this 
group, it seems best to regard monoecious 
X dioecious hybrids as being just as in- 
effective in initiating new lines as they 
have been in corrupting old ones. 


SOUTHWESTERN SPECIES 
Distribution Patterns 


Three other species are native to the 
drier regions of the southwestern United 
States and northwestern Mexico: A. 
Acanthochiton, A. Palmeri, and A. Wat- 
soni. The first seems to have been static 
during the period of record. Its present 
western limit is prehistoric, judging by 
reports of its ancient food use by the 
Arizona Indians, and there are herbarium 
collections over a hundred years old from 
almost all the rest of its present range. 

In contrast, early records of A. Palmeri 
are concentrated in a limited sector of its 
present range. Until 75 years ago it was 
recorded only from Sonora, California, 
Arizona, New Mexico, and Texas. 
Moreover, all pre-1900 collections seen 
from Texas are from the valley of the Rio 
Grande except for one made in 1894 
about 100 miles away. The oldest col- 
lection seen from Oklahoma was made in 
1926. It looks as if there has been recent 


and substantial northeastward expansion 
of A. Palmeri resulting in its present wide 
area of cohabitation with the interior 
species. There is reason to believe that 
A. Palmeri has been spreading southeast- 
ward too. There are 19th Century rec- 
ords of the species from each of a great 
block of eight states in the northwest of 
Mexico, but all known records from the 
three states at its present southeastern 
limit of Mexico date from after 1930. 

The present overlap between A. Palmeri 
and A. Watsoni may result from bilateral 
action. A. Watsoni was first collected 
far down the peninsula of Baja Cali- 
fornia, nearly 100 years ago. Until less 
than 70 years ago it was unknown on the 
mainland and A. Palmeri was unknown 
on the peninsula. A. Palmeri was in 
northern Baja California before 1900 but 
was not recorded in the south, within the 
range of A. Watsoni, until after 1940. 
In the meantime A. Watsont was found 
on the mainland before 1900, across the 
Gulf near the port of Guaymas and at the 
head of the Gulf near the mouth of the 
Colorado. Since 1900 it has been found 
farther up the Colorado Valley and in 
the Imperial Valley. 

These three species, like the interior 
species, seem to be at home in raw, fre- 
quently rewashed alluvium. The south- 
western species generally find such sites, 
not along the wet banks of permanent 
streams, but in sandy floors of desert 
washes, canyon bottoms, and intermittent 
stream beds in general. A. Acanthochi- 
ton also grows on interior sand dunes, 
A. Watsoni on coastal dunes and beaches. 

Expansion of these species into arti- 
ficial habitats must have begun in pre- 
historic times. Various Indian groups 
once gathered all three species regularly 
and in quantity for greens or grain or 
both (Sauer, 1955, pp. 34, 39, 45), in a 
sort of unconscious symbiosis. Whether 


human seed dispersal had any effect or — 


not, ancient Indian fields and other work- 
ings must have been colonized just as 
such places are today. Of all the dioe- 
cious amaranths, A. Palmeri has been 
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by far the most successful as a weedy in- 
vader of artificial habitats, whether they 
were prepared by primitive or modern 
technology. Waifs of this species, as of 
the interior species, have turned up at 
many places far outside the range of the 
species, usually in urban situations. Even 
disregarding such isolated ephemerals, 
nearly all the peripheral colonies grow in 
fields or along roads, railroads, and 
ditches. Even within the old core of its 
range, the majority of the A. Palmeri 
population now grows in artificial habi- 
tats, a situation true of no other dioe- 
cious amaranth. 

A. Watsoni has shown similar but 
much milder weedy tendencies. At home 
in Baja California it is only occasionally 
found as a weed but its invasion of Cali- 
fornia and Arizona seems to have de- 
pended on fields and irrigation works. 


Variation Patterns 


Here again variants which are not scat- 
tered, without apparent pattern in time or 
space, are generally intermediate between 
species, morphologically and geographi- 
cally, and presumably hybrids. The big- 
gest lot of these, smaller than the two 
great hybrid groups among the interior 
species, consists of intermediates between 
A. Palmeri and A. Watsoni (figs. 1 to 3). 
Analysis of a random sample from such 
a population (fig. 4H) shows the not 
quite free recombination of the two sets 
of species characters which is the inimit- 
able signature of recent hybridization. 

Similar plants, usually from artificial 
habitats, are present in herbarium collec- 
tions dating back to the late 19th Century. 
The earliest collections of obvious hybrids 
between A. Palmeri and and A. Watsoni 
were made in 1889 by Edward Palmer 
near the mouth of the Colorado River; 
these were formerly regarded as a special 
variety of A. Palmeri. Most plants of 
A. Palmeri collected in extreme south- 
eastern California toward the close of the 
19th Century are subtly atypical. Their 
characteristics suggest that A. Watsont 
traits were filtering into the A. Palmeri 


population of that area by introgression 
far in advance of the 20th Century in- 
vasion by plants pure enough to be classi- 
fied as A. Watsoni. 

Occasional herbarium specimens, nearly 
all from artificial habitats, look as if they 
might be the misbegotten offspring of 
A. Palmeri on the one hand and A. 
Acanthochiton, A. arenicola, and A. ta- 
mariscinus on the other (figs. 2-3). 
There are also a few aberrants which may 
be hybrids between A. Palmeri and 
monoecious species. I do not have 
enough collections of any of these to 
understand or discuss them well. How- 
ever, it is probably safe to say that none 
of these particular misalliances have had 
a very massive effect on either partner. 
It is notable that the number of supposed 
hybrids assignable to certain of these 
matings (fig. 3) are curiously few in 
proportion to the area of cohabitation 
(fig. 1), suggesting that other isolating 
mechanisms than spatial separation are 
functioning among the dioecious species. 


EASTERN AND SOUTHERN COASTAL 
SPECIES 


Distribution Patterns 


The four remaining species have nar- 
row ranges fringing the Atlantic and 
Pacific coasts from Maine to the Yucatan 
peninsula ; one species also has outliers on 
some Caribbean coasts (fig. 1). The 
width of these ranges is exaggerated on 
the map; they are really almost one-di- 
mensional. 

The eastern water hemp, A. cannabi- 
nus, has the best historical record of the 
four. It can be traced back at least a 
hundred years in eight states from New 
England to the Carolinas and its gross 
distribution has evidently been almost or 
completely static during that time. 

Two of the species, A. floridanus and 
A. Greggit, are rare, each known only 
from about 20 collections, not nearly 
enough to delimit ranges at different time 
levels. They are adequate to disallow any 
radical modern migration: the sites of 
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collections made 75 or 100 years ago are 
placed widely and rather evenly through 
the total known ranges. | 
The southern water hemp, A. australis, 
was first discovered in Jamaica, about 
1840. It also has a fair depth of record 
in the Gulf States, where it has been 
known over approximately its present 
range for at least 75 years. The rest of 
its range is meagerly documented by a 
few widely scattered collections, mostly 
made since 1900. A. australis alone, of 
all the dioecious amaranths, is known to 
have a grossly discontinuous distribution. 
Since the isolated colonies are of uncer- 
tain age, it is possible that they started 
recently from seeds accidentally trans- 
ported by man. Some such explanation 
seems to be required in one case, an iso- 
lated male A. australis found at the port 
of Manzanillo on the west coast of Mex- 
ico. However, most of the disjunct rec- 
ords of the species from the tropical Gulf 
and Caribbean area are not this sort of 
thing. Rather than ephemeral waifs 
around major ports, they are established 
colonies including both sexes and gen- 
erally growing in out-of-the-way places. 
They may be ancient outposts, perhaps 
started by waterfowl migrating southward 
at the time seeds are ripening in the main- 
land populations. It is common knowl- 
edge among farmers and hunters I have 
talked to that wild ducks harvest the 
dioecious amaranths, and their seeds are 
often conspicuous in analyses of duck 
stomach contents (Martin and Uhler, 
1951, pp. 81-82). Whether or not the 
seeds can survive passage through a duck, 
there is always the possibility of rare ex- 
ternal carriage by water birds. The slight 
chance of both sexes being planted to- 
gether would explain the sparse and 
spotty colonization of the tropical islands. 
The narrow, often linear distribution 
patterns of these four species reflect their 
curious habitat requirements. A. canna- 
binus and A. australis are at home in the 
wet sand and mud of coastal marshes, 
swamps, estuaries, lagoons, and bayous. 
Both tolerate salty, brackish, and fresh 


water. A. cannabinus is unknown in any 
natural habitat outside the intertidal zone. 
Some A. australis colonies grow a little 
above high tide but only along coastal 
plain lakes and rivers. The other two 
species are natives of coastal sand dunes 
and sea beaches. 

None of the coastal species has been 
notably successful as weeds. Apparently 
they find other essentials besides freedom 
from competition in their special habitats. 
Colonies obliterated by human works may 
equal the few which owe their existence 
to canals, ditches, and other artificial hab- 
itats. 


Variation Patterns 


As in the other groups, the foci of vari- 
ation in the coastal species are found 
where species intermingle and, presum- 
ably, interbreed. Three of the coastal 
species are allopatric but all three are 
overlapped by A. australis and at each 
contact there are apparent hybrids (figs. 
1 to 3). 

The most numerous of these variable 
intermediate groups is that between A. 
australis and A. cannabinus, found in 
South Carolina, Georgia, and northeast- 
ern Florida. Since there is no record of 
typical A. australis north of the Georgia- 
Florida border nor of typical A. canna- 
binus south of it, the pattern here is dif- 
ferent in kind from the common one at 
contacts of other dioecious amaranth spe- 
cies, where hybrids and parental types are 
coextensive. In this case mutual intro- 
gression has apparently carried genes of 
each species into populations far outside 
the areas where taxonomically recogniz- 
able forms of the donor species grow. 
This pattern difference may reflect a dif- 
ference in age of interbreeding. The 
coastal species and their hybrids all grow 
in natural habitats and it is hard to see 
why interbreeding should have been de- 
layed until recent or even human time. 
All that is known for certain is that the 
process antedates the brief historical rec- 
ord. Apparent hybrids are included in 
the earliest collections seen and there are 
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even older traces in the taxonomic litera- 
ture: two lost “species,” allegedly simi- 
lar to but not identical with A. canna- 
binus, were described from the Carolinas 
in 1810 and 1836 (Sauer, 1955, pp. 11- 
12). 

There are small groups of variants 
which may derive from crossing between 
the coastal and interior species (figs. 2 to 
3), some of which have been honored 
with Latin varietal and specific names. 
Most of these are known only from 
sporadic recent collections except for in- 
termediates between A. australis and A. 
tuberculatus. These have some venera- 
bility, having been found in the Missis- 
sippi delta region for at least 125 years, 
but have remained rather local and static, 
perhaps because the dissimilar ecological 
adaptations of the parent species do not 
combine well in a hybrid. 

There are no recognized hybrids be- 
tween the coastal dioecious species and 
the common monoecious weed species. 


DISCUSSION AND CONCLUSIONS 


Sometimes it is helpful to think of both 
migration and evolution as the resultant 
of opposing forces, a positive one tending 
to expand the geographic or genetic limits 
of the group and a negative one tending to 
contract them. In this model mechanism 
the positive force in the migration proc- 
ess is dispersal and in evolution it is vari- 
ation, while in both the negative force is 
elimination, selective or random. When- 
ever the positive and negative forces are 
in equilibrium within a group, i.e. when 
offspring survive up to but not beyond 
the geographic and genetic limits of their 
parents, the group does not migrate or 
evolve. 

Migration and evolution are here de- 
fined in terms of changes in the limits of 
a group to exclude purely internal rear- 
rangements of population density and 
genotype frequency. Obviously, a great 
deal depends on the level of the group 
selected as the basic unit. When, as in 


the present paper, the basic unit is the 
conventional species, many changes are 


dismissed as mere internal rearrange- 
ments which would rank as evolution and 
migration in a more finely-textured in- 
vestigation. On the other hand, few of 
the events described here would rank as 
evolution or migration if the genus, or a 
higher taxon, were the unit of study. 

In this conception, migration or evolu- 
tion occurs only while equilibrium is dis- 
turbed: geographic expansion and genetic 
diversification result from either increased 
dispersal and variation or decreased elimi- 
nation; retreat and loss of diversity re- 
sult from tipping of the balance in the 
opposite direction. The state of balance 
is not necessarily alike in the migratory 
and evolutionary processes nor uniform 
on all limits of the group; a group may be 
advancing on one front and retreating on 
another, with a geographic or genetic 
shift as the net result. 

Such a model can be elaborated to in- 
clude not only simple modification of 
existing groups but also the origin and 
loss of groups by appearance and disap- 
pearance of geographic and genetic dis- 
continuities. 

Using these concepts as a framework, 
some simple general conclusions can be 
made about the recent behavior of the 
dioecious amaranth species. In the first 
place, the changes which have been traced 
all seem to result from externally caused 
disturbance of equilibrium. Conceivably, 
evolution and migration might continue 
indefinitely in a stable environment by 
continued origin of new genotypes with 
fresh potentialities for dispersal, varia- 
tion, and survival. If such a mechanism 
for persistent genetic and geographic ad- 
vance under constant external conditions 
is operating in this group, its effects are 
too diffuse and gradual to be detected 
with the methods and time span used 
here. The changes that haye been de- 
tected are all transparently related to 
change in the environment. 

Changes in the geographic and genetic 
limits of these species have evidently fol- 
lowed hard on the heels of environmental 
change, with quick recovery of equilib- 
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rium when the relevant environmental 
factors are stabilized. The five species, 
mainly coastal, that are confined to nat- 
ural habitats have been generally static 
since the start of the recent record and 
have shown no signs of continuing read- 
justment to past events. Even among the 
five weedier species that have been 
colonizing artificial habitats, readjustment 
to very recent past events has been largely 
completed, as shown by their radically 
new but already mainly static geography 
and hybridity. Active advance is now 
evident only for certain limits of two of 
these, A. Palmeri and A. tamariscinus. 

Prolonged, lagging adjustments of spe- 
cies limits to environmental limits are 
scarcely to be expected in annuals like the 
amaranths, which must reestablish popu- 
lation patterns de novo each year. Ad- 
mittedly, there is an historical factor in 
geographic and genetic patterns, a drag 
on changes from generation to generation 
imposed by the limitations of dispersal 
and variation. In the dioecious ama- 
ranths this drag has not been so heavy 
that modern limits retain recognizable 
marks of Pleistocene ice sheets or ancient 
seas, as reported in other genera. 

None of the recent changes traced in 
this group have involved geographic re- 
treat or genetic impoverishment. The 
group has thus been moving counter to 
the current trend among members of 
stable plant communities but with many 
other pioneer plants of open habitats. Its 
advances into new geographic and ge- 
netic territory imply either an increase in 
the forces of dispersal and variation or a 
decrease in elimination. Probably both 
have taken place. No doubt human ac- 
tivities have increased the frequency of 
long distance seed dispersal and of radical 
variation, the latter often due simply to 
increased hybridization following the for- 
mer. However, no increase in effective- 
ness of dispersal or variation mechanisms 
is required to initiate the recent changes 
in this group. Even in pre-human times, 
moving water and birds must have been 
planting seeds far beyond the old species 


limits. Interspecific hybridization, the 
basis of all known recent evolution in the 
group, is not necessarily new. Its fre- 
quency has certainly shot up with recent 
increasing overlap of ranges, but even 
if the species were once completely al- 
lopatric, which is unlikely, they must 
have formed at least occasional hybrids. 
In a wind-pollinated group whose pollen 
is viable for many days under ordinary 
atmospheric conditions (Murray, 1938, p. 
13), spatial separation can scarcely be an 
absolute barrier. Some other explana- 
tion is needed for the fact that the dioe- 
cious amaranths became and remained 
discrete species, clearly discontinuous in 
morphology, in spite of general interfer- 
tility. Conceivably the imperfect spatial 
barriers were backed up by imperfect eco- 
logical barriers which operated by selec- 
tion against exotic genes, something like 
a weak pumping device behind a leaky 
dike. 

In such a situation, decreased elimina- 
tion by itself, without any increase in the 
effectiveness of dispersal or variation, 
would readily account for equilibrium dis- 
turbance antecedent to migration and 
evolution. In each of the cases of success- 
ful migration and evolution discussed 
here, there is evidence that mortality of 
amaranth migrants and variants was re- 
duced by unintentional human interven- 
tion. The geographically and genetically 
new populations are concentrated in 
places where amaranth seeds did not 
germinate or where seedlings were elimi- 
nated by competing vegetation until the 
ground was opened to them by artificial 
disturbance. 

The interrelations of migration and 
evolution during colonization of these 
newly opened habitats were probably 
complex. In part the two processes may 
have been related in simple sequences, 
such as geographic expansion leading to 
more crossing between species and conse- 
quent genetic diversification, or the con- 
verse, hybridization producing genotypes 
adapted for invasion of new territory. 
Conceivably a sort of chain reaction might 
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thus be initiated. This would make a 
good story, nicely explaining the striking 
concentration of hybrid amaranths in 
recently occupied territory. However, 
there is no real evidence that migration 
and evolution occurred in such sequences 
in this group. The connection may have 
been more intrinsic and the two processes 
inseparable even in theory. This is be- 
cause a single individual or a single colony 
may be simultaneously migrant and vari- 
ant; its survival or elimination affects 
both distribution and genetic patterns of 
its species. Consequently, the increased 
survival which allowed geographic ex- 
pansion inevitably allowed genetic diversi- 
fication at the same time, provided only 
that there was a source of variation, for- 
merly held in check by more rigorous 
elimination. Hutchinson (1951, p. 186) 
has traced recent increases in diversity re- 
sulting from low elimination during ex- 
pansion of population size and area by 
crops, particularly cotton. His conclu- 
sions should fit weeds as well. | 

In weeds, perhaps more than in culti- 
vated species, such heightened variation, 
whatever its origin, may persist indefi- 
nitely, even though overall population size 
levels off. If it is merely holding its total 
population constant, a weed species must 
be constantly and rapidly expanding into 
new ground, perhaps only on a minute 
scale within the same general territory. 
Characteristically weeds are perpetual 
fugitives, seldom able to hold a piece of 
ground for more than a generation or so 
before being obliterated by such little 
catastrophes as ordinary plant succession 
or crop rotation. Only a fraction of the 
colonies occupy continuously available 
sites such as ditches or roadsides. Such 
a regime of chronic displacement may 
maintain relatively great genetic diversity 
in more than one way. Seedling density 
and intraspecific competition must be 
lower in ephemeral than in long estab- 
lished colonies. Control of population 
size depends more commonly on mass 
elimination of whole batches, regardless 
of individual genotypes, and more rarely 


on selective elimination of individuals, 
contingent upon particular genotypes. 
Moreover, whatever selection occurs is 
unusually vacillating and ineffectual, since 
the goal of selection may shift with each 
colonization of a new site. With selec- 
tion scarcely more rigorous or consistent 
than in an experimental garden, it is no 
wonder that some of the weed patches are 
menageries of strange variants. 

Something of the sort is also true of 
pioneer plants in naturally disturbed habi- 
tats, but there is a difference in degree. 
Although amaranths growing on beaches, 
streambanks, and similar places have little 
competition from other species, the col- 
onies are not generally so transient that 
seedlings can escape competing with each 
other and consequent selective elimina- 
tion of variants. 

It is possible that the disproportionate 
abundance of hybrids in artificial habitats 
is not solely an effect of the less rigorous 
selection in such places but is partly due 
to superior adaptation of some hybrids to 
such places. Unquestionably some hy- 
brids are superior as weeds to one of 
their parents. For example, A. tuber- 
culatus is more abundant in artificial habi- 
tats within the part of its territory in- 
vaded by A. tamariscinus than elsewhere 
and the difference is entirely attributable 
to mongrel forms of A. tuberculatus. 
Clearly, introgression from A. tamarisci- 
nus can make A. tuberculatus better able 
to survive as a weed of artificial places, 
but there is no available evidence that 
the converse is true. Pure A. tamarisci- 
nus does well as a weed. 

The simplest hypothesis is that dioe- 
cious amaranths have succeeded as weeds 
not because of new combinations of genes 
brought together from different species 
but because of old adaptations of certain 
species. The ones best prepared to ex- 
ploit man-disturbed places were those 
with a long history of survival on the 
floodplains of rough, inconstant rivers of 
the Great Plains and Southwest. A. tu- 
berculatus, native to lakeshores and banks 
of steadier rivers of a moist, largely for- 
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ested region, has had more limited success 
as a weed. Those species native to salt 
marshes, sand dunes, and sea beaches 
have had practically none. 

It is noteworthy that changes traced in 
this group do not include establishment 
of new geographically or genetically dis- 
continuous groups. None of the species 
grows in the Old World outside of botani- 


cal gardens. Even in the New World 


only one species has a clearly disjunct 
geography and that disjunction may be 
old. The persistent endemism and geo- 
graphic cohesion of the dioecious species 
are in strong contrast to the recent wide 
intercontinental migrations of some mo- 
noecious weed amaranths that also origi- 
nated in North America. The contrast 
probably cannot be accounted for by dif- 
ferences in seed dispersal or habitat re- 
quirements. It may be mainly due to the 
contrast between monoecious and dioe- 
cious habit. The records of ephemeral 
waifs show the dismal prospects facing a 
dioecious amaranth seedling planted by 
some exceptional long distance seed dis- 
persal far outside the limits of its species. 
Being annuals with no capacity for vege- 
tative or other apomictic reproduction, 
their only chance of leaving descendants is 
by breeding with other amaranth species 
already in the area. If they are with mo- 
noecious species, such crosses run into a 
dead end of sterile progeny; if with dioe- 
cious species, they are likely to cause only 
an insignificant ripple of variability in the 
comparatively large population of the 
local species. In neither case has a per- 
manent new outpost of the migrant spe- 
cies been established. The contrast be- 
tween long jumps of the monoecious spe- 
cies and plodding company front advances 
of the dioecious species supports general 
conclusions such as those of Baker (1955, 
p. 347) about the relationship between re- 


‘productive biology and geographically dis- 


continuous colonization. 

Cases of origin of new genetically dis- 
continuous populations are also absent 
from the recent record of this group. 
Murray was able to produce new fertile 


amphidiploid lines from hybrids between 
the dioecious and monoecious species, but 
these are not known to be established in 
nature. As might have been expected 
with species isolated mainly by ecology 
and geography, crosses between dioecious 
species have tended more to obliterate ex- 
isting discontinuities than to create new 
ones. 

In the most extreme case of interbreed- 
ing, that between A. tamariscinus and A. 
tuberculatus, mixing has gone so far in 
some areas, including the whole state of 
Iowa, that there is little point in maintain- 
ing the two species names. A good case 
could be made for the argument that these 
were formerly distinct species which have 
now blended into one. The whole picture 
cannot be described that simply, however, 
because both species have maintained 
some integrity. The genetic ferment of 
the newly occupied territory has pene- 
trated some colonies in the old habitats 
and ranges but major sectors of both 
species remain serenely unaffected and 
still detached. 

It would be worth knowing whether 
any of the recent changes in the dioecious 
amaranths could outlast the environ- 
mental conditions which evoked them. 
Certainly most of the geographic and ge- 
netic advances would be reversed if hu- 
man disturbance of the landscape were to 
cease. The great new weed populations 
would of course die off almost immedi- 
ately, leaving a few remnants where the 
recently expanding species had found 
footholds in less artificial habitats. As 
interspecific overlap and crossing de- 
clined, the now overloaded mechanism of 
ecologic selection against exotic genes 
might serve to reestablish the old patterns 
of geographically and morphologically dis- 
continuous species. 


SUMMARY 


The ten dioecious species of Ama- 
ranthus, all originally pioneer plants of 
naturally disturbed habitats, have behaved 
quite differently during increasing human 
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disturbance of their native continent, 
North America. Those at home in 
coastal marshes, beaches, and dunes have 
remained static while those from river 
floodplains and desert washes have been 
expanding and diversifying as weeds in 
artificially opened habitats. Direct his- 
torical evidence, mainly from a hundred 
year record of herbarium collections, per- 
mits partial reconstruction of the geo- 
graphic and genetic changes. The amount 
of geographic advance has been very un- 
equal even along different borders of a 
single species. In some cases expansion 
was local and completed before the pres- 
ent century; elsewhere migration has ex- 
tended across whole states and is still 
active. However, unlike the common 
weedy monoecious amaranths, even the 
weediest dioecious species have remained 
geographically cohesive. 

With geographic expansion, former 
limited overlap between species has 
greatly deepened and exceptional hy- 
bridization has become common. Ap- 
parent hybrids derive from a large num- 
ber of species pairs, involving not only 
all the dioecious but also some monoe- 
cious species. Crosses between dioecious 
and monoecious species run into a blind 
alley of sterility but crosses among dioe- 
cious species have yielded fertile off- 
spring, in some cases so abundantly that 
the taxonomic distinctness of the parent 
species is threatened. Hybrid populations 


are almost invariably concentrated in the 
newer, artificial habitats, perhaps because 
of less rigorous selection in such places. 
In natural habitats the older types of pop- 
ulations have remained relatively immune 
to invasion and hybridization. 
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The adaptive nature of most of the 
normal relationships between members of 
one species is usually apparent. Active 
participants seem to derive benefits from 
these relationships. Several individuals 
working cooperatively, for instance, might 
accomplish what would be impossible for 
the same individuals working independ- 
ently. Pack-forming behavior of wolves 
may be an example. Presumably it was 
developed because of increased reproduc- 
tive success of individuals that had greater 
than average inclinations to form coopera- 
tive groups. The development of a 
placental attachment by a foetus, a very 
different sort of “social” phenomenon, 
also has patent survival value to the 
foetus. Sometimes, however, active par- 
ticipation in a social activity places an in- 
dividual at a personal disadvantage, for 
instance, the mother in the foetal-maternal 
relationship. At best, the mother must 
sacrifice some food energy, and there may 
be other disadvantages, such as increased 
predator liability. The sacrifices made by 
the mother may sometimes result in her 
death, but they cannot be regarded as dele- 
terious in an evolutionary sense, because 
they play an essential part in reproduc- 
tion. The immediate sacrifices involved 
in any type of parental care may be re- 
garded as a price paid for attendant re- 
productive advantages, and no special ex- 
planation is required. 

Parental care probably accounts for 
most of the examples of social activities 
in which one individual sacrifices or en- 
dangers its own well-being for the benefit 
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of others. There are, however, some im- 
portant exceptions, of which the behavior 
of the servile castes of social insects is 
most conspicuous. Insect societies, with 
a few possible exceptions, are based en- 
tirely on relationships among sibs and 
between sibs and one or both of their 
parents. In this paper we will consider 
mathematically the effect of natural se- 
lection on genes that influence individu- 
ally harmful but socially advantageous 
characters expressed in a sibling group. 
Then we will consider, in terms of our 
model, the evolution of insect societies, 
especially the development of sterility 
among the worker and soldier castes. 

The natural selection of socially desir- 
able but individually deleterious genes 
has been considered before by Wright 
(1945). He showed that such genes 
would be unfavorably selected within a 
population, but favorably selected in com- 
petition between populations, due to in- 
creased rates of emigration from popula- 
tions in which the socially desirable gene 
had drifted to fixation. Wright’s pro- 
posed mechanism is explicitly limited to 
species with many small populations, 
nearly but not quite isolated from each 
other. In the present paper we also use 
favorable between-group selection to bal- 
ance unfavorable within-group selection, 
but our groups are sibships, not men- 
delian populations. We assume a single 
large panmictic population. 

The sorts of characters that we are 
dealing with are difficult to discuss ob- 
jectively. The term “altruistic” adapta- 
tion is convenient and has been used 
(Haldane, 1932), but we prefer to avoid 
terms so burdened with value judgments 
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and emotional flavor. In this paper indi- 
viduals that sacrifice themselves for the 
good of others are called social donors, 
and those that do not or that do so to a 
lesser degree, social non-donors. The ab- 
breviations donor and non-donor and de- 
rived terms such as donorism are used 
wherever convenient. Perhaps this sys- 
tem is a partial solution to the termino- 
logical difficulties. 

Donorism is most easily visualized for 
animal behavior, but there is no reason 
to restrict the term either to animals or 
behavior. The development of a fruit 
from maternal tissues in a seed plant can 
hardly be called behavior, but it is an im- 
portant factor in the relationship between 
parent and offspring. The parent plant 
may be considered a social donor. Like- 
wise the concept of sibship may be ex- 
tended to include the group of seeds that 
inhabit a fruit. Perhaps examples of 
donorism of a physiological sort might be 
found in such a group of seeds. 


THE MATHEMATICAL MODEL 


Two parameters may be associated with 
any gene that causes or augments donor- 
ism in a sibling group. One is the ad- 
vantage (hereafter symbolized by A) that 
would be conferred on the group as a 
whole if every member were a donor. 
The other is the disadvantage (symbolized 
by D) to each donor. Both A and D 
must be a measure of effect on reproduc- 
tive success. Before discussing the com- 
plex problem of sibling donorism, we will 
illustrate the concepts symbolized by A 
and D by the simpler case of donorism 
in asexual colonies. Assume that zygotes 
of a species that forms such colonies are 
of two types, donors and non-donors, by 
virtue of a single gene difference. Colo- 
nies will be composed genetically either 
entirely of donors or entirely of non- 
donors, since they are produced asexually 
from the zygotes. Natural selection will 
favor the donor gene if the average ad- 
vantage to each member of a donor col- 
ony more than compensates for the disad- 
vantage of being a donor, in mathematical 


terms, if (1+ A) (1—D)>1. The 
same reasoning applies to donorism 
among the cells of a multicellular organ- 
ism or to any other situation in which 
donorism can only manifest itself among 
individuals of the same genotype. There 
can be no natural selection within such 
genetically homogeneous groups. Nat- 
ural selection can act only where there are 
genetic differences. 

A sexually produced group of sibs pre- 
sents a more complicated problem, be- 
cause of genetic differences within the 
group. Suppose a mutation (+ —s or 
S) causing or augmenting sibling donor- 
ism occurs in a strictly sexual population. 
If the gene is recessive, it will first ex- 
press itself in an F, progeny consisting of 
one donor to every three non-donors. To 
consider the effect of natural selection 
here, it will be necessary to make some 
additional assumptions. We assume that 
the amount of the benefit (4) is directly 
proportional to the concentration of do- 
nors. With one-fourth as many donors 
there would be one-fourth as much bene- 
fit (A/4). While such an exact propor- 
tionality may not be found in nature, some 
sort of direct relationship would be ex- 
pected, and direct proportionality should 
not be too far from the average of typical 
condition. We also assume that the dis- 
advantage (D) remains at constant value 
for all donors, regardless of their concen- 
tration in a sibship. Here again, the as- 
sumption need not be strictly correct. 
Special factors such as social inhibition or 
imitativeness might result in different co- 
efficients for D with different relative fre- 
quencies of donors, but we will assume 
here that no such complicating factors 
exist. It would, of course, be quite un- 
reasonable to believe that the donors 
would discriminate among their sibs and 
only bestow their favors on other donors. 
We assume that the benefit resulting from 
the presence of donors is enjoyed by all 
alike, regardless of genotype. 

Under these conditions the selective co- 
efficients acting within an F, progeny 
would be (1+ A/4) (1—D) for the 
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TABLE 1. Effects of selection on genotype frequencies when the donor gene is recessive 


Progeny 

Mating Frequency ss s+ ae Total 
ss Xss p* p*(1+A)(1—D) 
ssX++ 2p*(1—p)? 2p?(1— 
s+X++ 4p(i—p)' 2p(1—p)* 2p(1—p?) 
++X++ (1—p) (1—p) 

r++ 


donors and (1+ A/4) for the non- 
donors. So as long as both A and D re- 
main positive finite numbers, the success 
of the donors can never equal or surpass 
that of the non-donors. Competition 
within the sibship will always place the 
donors at a disadvantage. 

Competition between sibships, however, 
is also a factor in the survival of the 
donor gene. Sibships that contain donors 
will be favored if A is greater than D. 
Selection, then, would be the resultant of 
two opposing forces, adverse selection 
within sibships and favorable selection 
between sibships. It is our purpose to 
show how the two types of selection might 
balance and result in selective neutrality 


TABLE 2. Effects of selection on genotype frequencies when the donor gene is dominant 


for the donor gene in either homozygous 
or heterozygous condition. 

Our approach is indicated in tables 1 
and 2. Without the bold-face entries, 
these tables illustrate a Hardy-Weinberg 
equilibrium in that: 


or >SS=p (1) 
>st+ or >S+ =2p(1—p) (2) 
S++ =(1-p)? (3) 


The action of selection on each group of 
progeny is indicated by the bold-face ex- 
pressions. These can be combined with 
the associated frequency expressions and 
modified sums obtained. Using these new 


Progeny 


Mating Frequency Ss 


S+ Total 


SSXSS_ pt p*(1+A)(1—D) 


SSXS+ 4p%(1—p) 2p%(1—p)(1+A)(1—D) 2p*(1—p)(1+A)(1—D) 
S+XS+ 4p*(1—p)* pr(t—p)(1 —D) a —D) +34 


SSX ++ 2p?(1—p)? 
S+X++ 4p(1—p)' 
++X++ (1—p) 


2p?(1—p)*(1+A)(1—D) 
2p(1 ~pp(1 —-D) 2p(1 +4) 


(1—p)* 


=SS 
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sums in equations 1 to 3 we might solve 
for D and determine, for any values of 
A and }p, the critical value or selective 
threshold of A/D at which the frequency 
of the genotype in the population remains 
unchanged by selection. This would be 
based on the supposition that the donor 
gene has no effect on population size. 
Rather than burden the argument with 
this additional assumption, we will con- 
sider only the relative frequencies of the 
various genotypes in the derived genera- 
tion (== in the tables), and use the re- 
lated expressions : 


 £ p 
“++ (1 


_ 2p(t — p) 
S++ (1-—p) 


USS 
~—++ (1 — p)? 


_ 2p(1 — p) 
(1 — p)? 


We use the frequency of the homozygous 
non-donor, rather than the more conven- 
tional sum of all genotypes in the derived 
generation because of the extreme alge- 
braic unwieldiness of the expressions sym- 
bolized by SS. Thus we consider a geno- 
type to be unaffected by selection if its 
frequency, relative to that of the homozy- 
gous non-donor, remains unchanged. 

Since equation 5 does not contain the 
term D, it cannot be solved for this term. 
An individual heterozygous for a reces- 
sive donor gene does not express the gene, 
and therefore does not suffer the disad- 
vantage symbolized by D. It can benefit, 
however, from the gene’s expression in 
donor sibs, and it will have such sibs more 
frequently than the homozygous non- 
donors. So even if the gene were lethal 
(D = 1) heterozygotes would be favored 
by natural selection. Hence the equation 
D = 1 will be used for this genotype. 

Equations 4, 6, and 7 can be solved 
for D. The values are as follows: 


(4) 


(5) 


(6) 


(7) 


1+2 
D=1-—;{ (4A) 
1+7 (ptt) 


A 
1 — (p* — 4p) 
D=1- (6A) 
1— 7 (p* — 2p — 3) 


A 
1 — (p’ — 4p) 
D=1- A (7A) 


The derived curves for the selective 
thresholds of A/D with an extremely 
small value (.00001) of A appear in figure 
1. Higher values of A give higher selec- 
tive thresholds, but the differences are 
only a few per cent or less up to values 
of about .03. The plotted values of A/D 
should be approximately accurate for 
most of the values of A expected in nat- 
ural populations. The curves define six 
regions on the coordinate grid, each char- 
acterized by its own type of natural selec- 
tion. For example, a recessive gene in 
the region between the curves for SS and 
S + in the left side of the graph would 
be unfavorably selected in the homozygote 
but favorably selected in the heterozygote. 
A dominant gene in this same region, 
however, would be favored in the homozy- 
gote but opposed in the heterozygote. 
We have not been able to derive equations 
that make it possible to determine the net 
effects of such selection on gene fre- 
quencies. Obviously, however, the estab- 
lishment of a gene in a population is as- 
sured if it is favored in both the homozy- 
gote and heterozygote, or favored in one 
and neutral in the other. 

The validity of applying this model to 
real populations is contingent updn the 
existence of genes that satisfy the as- 
sumptions. Since it is unlikely that the 
specifications would ever be precisely met, 
we can draw no precise quantitative con- 
clusions. It is reasonable to assume, how- 
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Selective threshold (A/D) 


4 


6 8 


Frequency of donor gene 


Fic. 1. Selective threshold of donor gene as a function of gene frequency, 
zygosity, and dominance. 


ever, that genes that approximate the 
ideals of our model do originate oc- 
casionally, given large populations and 
time on a geologic scale. For such genes 
the model would be approximately de- 
scriptive of the action of natural selection. 
We believe it is very significant that the 
model indicates low finite values for A/D 
under all of the postulated conditions. 
We conclude that genes for which A is 
several times D would be favored by se- 
lection, and that sibling donorism could 
result from an accumulation of such genes. 


APPLICATION TO INSECT SOCIETIES 


The most notable examples of sibling 
donorism are found in the social Hyme- 
noptera and termites. Here donorism 
may include the total sacrifice of repro- 
ductive capacity by the social donors 
(workers and soldiers) to the benefit of 
their non-donor sibs (reproductives). 
The servile castes also exhibit many strik- 
ing structural and functional adaptations 
relating to their donor functions. The so- 
cieties of these insects probably developed 
from simple family groups in which young 
of different ages were cared for simul- 
taneously by their parents (Allee et al., 
1949: 686-7). The older sibs could 


benefit the younger, either directly or by 
aiding their parents in domestic affairs. 
Since the older sibs would be larger and 
stronger than the younger, they would be 
in a position to provide a considerable 
amount of aid (A) in proportion to the 
individual sacrifice involved (D). The 
aid might involve feeding younger sibs, 
helping with nest maintenance or enlarge- 
ment, elimination of parasites, etc., and 
ultimately could lead to the functional 
specialization and sterility of many indi- 
viduals. It might seem unreasonable to 
expect that genes causing a large propor- 
tion of their carriers to be sterile would 
ever be favored by selection within a 
breeding population. Nevertheless, we 
feel that competition between  sibships 
provides a way for such genes to be in- 
creased in frequency. They need only 
provide a large between-sibship advantage 
in proportion to the within-sibship disad- 
vantage (A >>D). The capacity for 
development into a fully sterile worker or 
soldier did not, we presume, result from 
a single genetic change. The first step 
in the development of a sterile caste might 
have been the establishment of a low- 
penetrance gene for a slight delay in the 
attainment of sexual maturity. The pene- 
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trance of this gene might have been a 
function of nutrition or other environ- 
mental variable during development. In 
times of food scarcity or other stress, the 
sibship would be provided with an in- 
creased number of older and more effec- 
tive sibling donors. If one such gene 
could be established in the population, so 
might others, and the slight delay in 
reaching sexual maturity could evolve 
towards a condition of permanent sterility. 
We might envision an intermediate stage 
at which a sibship that had the matura- 
tion of 50% of its members delayed for 
ten days might have a considerable ad- 
vantag? over one in which only 45% had 
maturity delayed for only nine days. 
Meanwhile, we would expect an accumu- 
lation of modifiers that would make the 
penetrance of the sterility factors an all- 
or-none reaction to specific stimuli, which 
in turn could be adaptively related to the 
condition of the sibship. In this way 
the number of donors could be a function 
of the needs of the sibship. 

This picture is in harmony with much 
that is known of caste determination in 
social insects (Light, 1942-3; Wilson, 
1953). The sterile castes of almost all of 
the social Hymenoptera are produced by 
low levels of nutrition and the reproduc- 
tives by high levels of nutrition during de- 
velopment. Usually if a certain trophic 
threshold is passed a queen results, and 
if it is not reached, a worker results. In 
the simpler societies of some wasps, a 
continuous structural and functional gra- 
dation between workers and queens re- 
sults from quantitative variations in food 
supply during development. This vari- 
able stimulus with a graded response is 
presumably more primitive than the neater 
stimulus-response mechanisms of honey- 
bees and ants. The castes of termites are 
apparently determined by an_ ectohor- 
monal mechanism, rather than nutrition, 
but the production of workers and soldiers 
is adjusted to the needs of the colony. 
The servile castes of termites are, mor- 
phologically, individuals that are tem- 
porarily or permanently fixed in various 


pre-adult instars. When the inhibitory 
influence of the royal couple is removed, 
certain of the erstwhile workers may 
finish their development and become fer- 
tile adults. Likewise when the breeding 
season approaches, many individuals that 
have functioned as workers for some time 
mature and found colonies of their own. 
The termites illustrate our view of delayed 
sexual maturity as a stage in the evolu- 
tion of sterility. 

The role of natural selection in the 
evolution of insect societies has been dis- 
cussed by Sturtevant (1938). He con- 
cluded (p. 75), “Selection must, then, be 
thought of as operating, in these forms, on 
at least three different levels: on the indi- 
viduals, on the colonies, and on the popu- 
lations within an area.” He pointed out 
that every step in the evolution of sterility 
would be opposed by selection of indi- 
viduals within colonies, and that this force 
must be taken into consideration in any 
evolutionary explanation of insect soci- 
eties. We are in complete agreement with 
this conclusion. Likewise we attribute 
great importance to selection at the level 
of the colony, but we see no necessity for 
invoking selection at the population level. 
Sturtevant finds it necessary to do so be- 
cause of some apparent exceptions to the 
rule that insect colonies are based on the 
offspring of a single pair of parents. 
These exceptions are found notably 
among the ants, of which some species 
regularly have more than one functional 
queen per colony, a condition known as 
pleometrosis. Sturtevant reasoned that 
competition among the queens of such 
colonies would favor the one that pro- 
duced the largest percentage of fertile off- 
spring. If unopposed, this _ selection 
would presumably result in the loss of the 
servile castes. That such a loss has not 
occurred in pleometrotic species sup- 
posedly argues for the importance of se- 
lection at a higher level than the family. 

It appears, however, that in at least the 
majority of pleometrotic species, social 
organization is still based entirely on the 
family. Wheeler (1933) believed that 
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pleometrosis usually results from the re- 
tention of fecundated queens by the 
mother colony. This conclusion has since 
been reaffirmed (Michener and Michener, 
1951: 127). A less common type of pleo- 
metrosis recognized by Wheeler consists 
of the cooperation of two or more queens 
in the initial founding of a colony. Usu- 
ally the condition is temporary ; one of the 
queens manages to kill or expel the others 
before the first workers are produced. 
Only for a very few species does it appear 
likely that permanent pleometrosis ever 
results from an initial association of 
queens. Even here, it seems likely that 
the cooperating queens are normally sis- 
ters. There are a number of species in 
which colonies normally reproduce by 
swarms. Each swarm consists of one or 
more sister queens and a number of 
workers. Perhaps there are occasional 
“swarms” without workers. Wheeler (p. 
10) and Michener and Michener (p. 127) 
stated that sister queens are known to co- 
operate in nest founding without the help 
of workers. 

Sturtevant’s contention that some ant 
societies transcend the family level was 
based largely on Formica rufa. He said 
(p. 75), “In the case of Formica rufa, at 
least, there is evidence that these adopted 
queens need not have been produced in 
the nest that adopts them—they may even 
belong to a distinct variety. Here and 
in F. exsectoides it seems probable that 
the colony long outlives the queen that 
originally established it, its fertility being 
dependent upon a whole series of queens 
that have no necessary genetic relation- 
ship to each other or to the founder.” 
The observation of queens of different 
“varieties” present in one nest is appar- 
ently based on the facultative parasitism 
found in F. rufa and its relatives, and has 
no direct bearing on selection within a 
breeding population. The crucial point 
is the lack of genetic relationship between 
conspecific queens. If this were a regu- 
lar occurrence, reproductive competition 
between the queens would necessarily pro- 
mote the loss of the sterile castes and 


would have to be opposed by selection at 
a higher level. But if the multiple queens 
were normally sisters, natural selection 
between these sister-groups might nor- 
mally favor the production of sterile castes 
(sibling donorism) within such groups. 

The essential statistical data on the fre- 
quency of unrelated queens in one colony 
have apparently not been gathered. It 
would appear, however, that Formica rufa 
conforms to the rule that the multiple 
queens of one colony are usually either 
sisters or mother and daughter. Essig 
(1942: 670) reported that F. rufa queens 
usually return to their old nests after 
fecundation, thereby augmenting the num- 
ber of queens in the old colony. Wheeler 
(1910: 120) maintained that F. rufa 
colonies normally reproduce by fission. A 
group of workers accompany one or more 
queens and aid in the founding of new 
colonies. The number of queens in a 
colony of F. rufa would appear to result 
from a balance between the accumulation 
of endogenous queens and their allocation 
to daughter colonies. 

There seems to be no convincing evi- 
dence that the intraspecific social organ- 
izations of insects ever normally go be- 
yond the family level. Until such evi- 
dence is forthcoming, it is unnecessary to 
postulate selection at a higher level than 
the family to explain the evolutionary de- 
velopment of insect societies. 


SUMMARY 


An individual that actively contributes, 
at its own expense, to the welfare of 
others of the same species is called a 
social donor. Such an individual in a 
sibling group is at a selective disadvantage 
in competition with its non-donor brothers 
and sisters. Genes that determine such 
characters may be favored, however, in 
competition between sibships. A mathe- 
matical model is used to illustrate how 
adverse selection within sibships might be 
balanced by favorable selection between 
sibships. We advance an explanation for 
the origin of insect societies in terms of 
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this model. We feel that it is unneces- 
sary to postulate selection at a higher level 
than the family to explain the origin of 
insect societies. 
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INTRODUCTION 


Recent results on the radioactive dating 
of rocks (Patterson, Tilton, and Inghram, 
1955; Russell and Allan, 1955) have 
placed the age of the earth at roughly 4.5 
x 10° years. More precisely, this repre- 
sents the time of stabilization of the 
earth’s upper mantle, but it may also be 
taken as the approximate age of the crust. 
Subsequent local melting would have oc- 
curred, due to the concentration of radio- 
active materials near the surface, but at 
any given time after 4.5 x 10° years ago, 
the greater part of the earth’s surface 
must have been non-molten and below the 
boiling point of water. Consequently, the 
formation of bodies of water on an in- 
creasingly extensive scale may also be 
dated from this period. 

Both opposing geochemical points of 
view agree that the terrestrial atmosphere 
of this time was at least weakly reducing 
(Urey, 1952; Rubey, 1955; Kuiper, 
1957), a conclusion in general agreement 
with biological evidence. The large-scale 
production of organic matter under such 
conditions is very likely, and a number 
of suitable mechanisms have been pro- 
posed (Haldane, 1929; Oparin, 1938; 
Dauvillier and Desguin, 1942; Urey, 
1952; Miller, 1953, 1955; Calvin, 1956; 
Fox, 1956; Abelson, 1956), the most 
promising of these involving ultraviolet- 
induced organic synthesis in the atmos- 
phere, and pyrosynthesis on the land. 
However, the gap between large-scale 
non-biological organic synthesis and the 
emergence of the first living organism is a 
vast one. This paper is an attempt to il- 
lustrate that a combination of old and 
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new ideas on the subject can span the gap 
in a more or less plausible manner. 


LocaL CONCENTRATION OF ORGANIC 
MOLECULES 


We will consider as given the produc- 
tion of amino acids, pentose and hex- 
ose sugars, pyridines, pyrimidines, and 
purines, and other fairly simple organic 
molecules, even though some of these have 
not yet been synthesized in the laboratory 
under hypothetical primitive earth condi- 
tions.?, (Because of its peculiar role in 
modern biosynthesis, it would be inter- 
esting to perform experiments like those 
of Miller, Abelson and Fox, in the pres- 
ence of phosphorus.) Their immediate 
solution in bodies of water may be ex- 
pected, and because water is a good sol- 
vent, a good catalyst, has a high melting 
point, high heat of vaporization, high di- 
electric constant, and low viscosity, a 
plethora of organic substance and inter- 
action arose. Urey estimates that for a 
strongly reducing atmosphere, the primi- 
tive sea was a 10 per cent solution of or- 
ganic matter; for a weakly reducing at- 
mosphere, the concentration would still be 
considerable, although substantially less. 

It is clear that for life to have developed 
from these conditions, there first must 
have been some mechanism for the local 
concentration of organic matter. Of in- 
terest here is a suggestion made by Kav- 
anau (1947). The point seems to be the 
following: In such a dilute primitive 
milieu, compounds with small free ener- 


2It should be noted, however, that on the 
basis of Miller’s (1955) work, we know that 
the immediate biochemical precursors of pu- 
rines and pyrimidines (COs, NHs, glycine, 
formic, glutamic, and aspartic acids), of pyr- 
roles (glycine, succinic acid), and of other bio- 
molecules were available in primitive times. 
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gies would tend to undergo continuous 
formation-dissociation cycles because of 
the temperature variation due to the alter- 
nation of night and day. But Le- 
Chatelier’s Principle tends to reduce the 
amplitude of these cycles ; any mechanism 
which will reduce the amplitude will be 
encouraged. Now say that a small local 
condensation of organic matter is estab- 
lished by chance. By the law of mass 
action, the reaction rates in both direc- 
tions will increase, and equilibrium will 
tend to be established ; in particular, day- 
time thermal dissociation will be inhibited. 
(In contrast, in dilution non-equilibrium 
situations will tend to prevail, and such 
dissociations will be more common.) But 
now with reactions proceeding simultane- 
ously in both directions, there are more 
molecules of an intermediate character ; 
that is, if the cycle is represented sche- 
matically as A < B @ C, in concentration 
there will be a larger molecular popula- 
tion of type B than in dilution. The am- 
plitude of the cycles is thus reduced, and 
LeChatelier’s Principle tends to be satis- 
fied. This process seems to indicate a 
general tendency towards condensation of 
primitive molecules with small free ener- 
gies, and coupled with the inhibition of 
daytime thermal dissociation in concentra- 
tion loci, suggests a slow building-up of 
more and more complex molecules. If 
the Kavanau mechanism is valid, even 
though the tendency towards condensa- 
tion is small, in sufficient time it should 
lead to the establishment of sizable local 
eddies of concentrated organic matter. 

There are four related points one might 
add to Kavanau’s suggestion. First, be- 
cause the equilibrium temperature differs 
for different molecules, the Kavanau 
mechanism would tend more to combine 
molecules of like free energies than mole- 
cules of unlike free energies, thus es- 
tablishing an impetus towards polymeriza- 
tion. 

Second, a point not frequently empha- 
sized in discussions of the origin of living 
matter is that because of tidal friction, the 
length of the day is increasing by at leas* 


10°° seconds per century. The present 
rate of secular acceleration of the moon’s 
motion suggests that 4 to 4.5 billion years 
ago the day was from five to ten hours 
long (Jeffreys, 1929). Thus, the forma- 
tion-dissociation cycles had a frequency 
greater than Kavanau supposed by per- 
haps a factor of five, and the condensation 
process must have been correspondingly 
more important. 

Third, because of the low thermal con- 
ductivity of water, the earth’s diurnal ro- 
tation would affect the temperature of the 
top few meters of water only. Thus, the 
Kavanau mechanism suggests concentra- 
tion of organic matter at the surface of 
the waters, and not in the depths. 

Fourth, a much more efficient periodi- 
cally varying source of energy would be 
solar ultraviolet radiation, which would 
most likely have been available at the sur- 
face of the waters (see below). Photo- 
dissociation of organic matter would occur 
in the daytime, to be followed by resyn- 
thesis at night, and the same tendency 
towards condensation would apply as for 
thermal energy. The mechanism would 
again be efficient at the top few meters of 
water only, in this case since water is an 
excellent absorber of uv. 

Bernal (1951) gets concentration by 
postulating the adsorption of organic 
molecules by small particles of alumino- 
silicate clays. Such particles appear to 
adsorb organic matter preferentially from 
the medium (MacEwan, 1948). This 
proposal, and others postulating organic 
synthesis at the ocean depths, does not 
fulfill the Kavanau requirement for con- 
centration at the surface; however, of 
course, it is not thereby vitiated. Hal- 
dane’s (1929) suggestion that concentra- 
tion occurred in layers adsorbed at air- 
water interfaces clearly does fulfill the 
Kavanau requirement. A combination of 
air-water and water-solid interfaces would 
provide an excellent concentration mech- 
anism, as organic slicks and scums near 
shores testify. The requirement may also 
be fulfilled on the basis of a mathematical 
treatment by Turing (1952) in which, 


5 q 
§ 
| 
- 
a 
| 
4 


dey 


42 CARL SAGAN 


under certain variations of parameters in 
a general dynamic system, spontaneous 
concentration eddies result by the opera- 
tion of diffusive forces. However the ap- 
plication to the primitive sea environment 
is not straightforward. 

But in the primitive waters it is in- 
evitable that some of the organic matter 
should form colloidal particles. It should 
be noted from the start that many of the 
characteristic properties of life result com- 
pletely or in part from the fact that proto- 
plasm is colloidal organic matter. The 
colloids of ‘greatest biological potentiality 
were the sols, and the most predominant 
of these must have been the hydrophilic 
sols, since the hydrophobic sols are much 
less stable. Now in a remarkable series 
of experiments performed in the early 
1930’s, Bungenberg de Jong (see, e.g., 
Bungenberg de Jong, 1936) established 
that hydrophilic sols often spontaneously 
separate into two phases, one rich in col- 
loidal matter, and the other poor in it. 
He called this process coacervation, and 
the resulting particles, coacervates. Sim- 
ple coacervates were observed to unite 
spontaneously, forming complex coacer- 
vates, the entire development from hydro- 
philic sols to complex coacervates occur- 
ring in successive steps. The impetus to 
complex coacervation is provided by the 
opposing electrostatic charges of the unit- 
ing simple coacervates. An equilibrium is 
then established between attractive elec- 
trostatic forces and repulsive forces on a 
molecular level. Note that in the hy- 
drophilic sol, surrounding water mole- 
cules are progressively less oriented, pro- 
ceeding radially outwards, while in the 
coacervate there exists a rigid sphere of 
demarcation between the coacervate and 
the medium. Thus the coacervate is free 
to develop chemical reactions different 
from those of the surrounding waters. 
The importance of coacervation for prob- 
lems of biogenesis was first appreciated by 
Oparin (1938), but Bungenberg de Jong 
was strongly aware of the possible biologi- 
cal significance of his results. 

Coacervates range from 1 to 100 myz 


in diameter, and have a fair stability in 
the temperature range 0 to 30° C. Sim- 
ple and complex coacervates, however, 
are by no means stable; their formation is 
a reversible process, and deterioration can 
be brought on by changes in pH, in elec- 
tric charge distribution in the coacervate, 
or in the concentration of neutral salts in 
the medium. Formation of coacervates 
and their selective adsorption of organic 
matter from the milieu both take place, 
even when the concentration of organic 
matter is very low. Thus, coacervation in 
primitive times must have been a scav- 
enger-like process, collecting organic mat- 
ter into local eddies of concentration, both 
on the surface and at the water bottom. 
Then, with the eventual deterioration of 
the coacervate structure, the collected or- 
ganic matter was free to interact. Insofar 
as this scavenger action took place on the 
surface, the Kavanau mechanism was ful- 
filled. 

But the accretion of matter within a 
coacervate increases its density, thereby 
also increasing its tendency to sink to the 
bottom of the waters. Thus, the surface 
coacervate population is maintained at an 
equilibrium number by dissolution and by 
sinking. However, even with a density 
greater than that of the medium—the 
density of the medium was greater than 
1 gm/cc. in primitive times—coacervates 
may still float if they have a hydrophobic 
moiety. This effect is observed for mu- 
colipoproteins, for example, the additional 
buoyant force arising from the repulsion 
of water molecules by the hydrophobic 
moiety. 

An integration of all the preceding 
mechanisms can be obtained if we take the 
concentration to have occurred in shallow 
pools, which certainly must have been in 
existence before oceans were. Precipi- 
tated coacervates would become concen- 
trated in Bernal’s aluminosilicates, while 
air-water adsorption, coacervation, and 
the impetus of the Kavanau mechanism 
would be operative on the surface. The 
greater relative amount of water-solid in- 
terfaces would provide another adsorption 
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layer site for concentration. Smooth ver- 
tical circulation due to temperature gradi- 
ents and winds would exchange matter 
between the pool bottom and the surface, 
while generally avoiding the disruptive 
microturbulence characteristic of oceans. 
Because of the relative absence of rock 
weathering in those early times, such 
pools would not contain appreciably less 
inorganic matter (e.g., phosphorus com- 
pounds), relatively speaking, than hypo- 
thetical extensive seas. At any rate, the 
wealth of mechanisms at our disposal 
makes it appear likely that considerable 
local concentration of organic matter oc- 
curred. 


SYNTHESIS OF PROTEINS AND NUCLEIC 
AcIps 


So far, we have discussed simple and 
complex coacervates, both of which are 
formed reversibly. However there exists 
a third type of spontaneously-forming 
coacervate, formed irreversibly, which 
Bungenberg de Jong called auto-complex. 
Auto-complex coacervates differ from 
other coacervates chiefly in their greater 
stability. They can survive temperatures, 
pH’s, local electrostatic charge distribu- 
tions, and neutral salt concentrations 
which would cause lysis or precipitation 
of other coacervates. As realized by 
Bungenberg de Jong and by Oparin this is 
one reason for the biological importance 
of auto-complex coacervates. There is, 
however, another reason, related to the 
problems of origin of proteins, nucleic 
acids, and other bio-molecules. 

For protein, some, like Oparin, have 
overlooked the problem entirely, assum- 
ing that amino acids will spontaneously 
co-polymerize into long-chain protein 
molecules. The statistical likelihood of 
this happening is, of course, very small. 
However, this does not mean we must go 
to the opposite extreme, and conclude 
with mystics like du Notty (1947) that 
life has some supernatural origin. There 
are other alternatives consistent with 
physics and chemistry, one of which was 
first suggested, although incompletely, by 


Blum (1951). Protein synthesis in mod- 
ern organisms is accomplished through 
the intermediation of adenosinetriphos- 
phate, ATP. The energy for synthesis is 
provided by energy-rich pyrophosphate 
bonds of half an electron volt per bond. 
Blum’s suggestion is that in some man- 
ner or other ATP spontaneously formed 
in large quantities in the primeval sea, 
and acted there—undoubtedly less ef- 
ficiently than today—as the energy source 
for protein synthesis. Blum’s proposal 
would help explain why ATP is an al- 
most universal intermediary for energy 
accumulation in life today, and it would 
help explain the ubiquity of the purine 
ring. 

There are three questions which must 
be answered before we can accept this role 
for ATP: (1) How could large quantities 
of ATP, a relatively complex molecule, 
have been formed spontaneously? (2) 
How did each ATP molecule acquire one 
ev in energy-rich bonds? and (3) Could 
ATP have been utilized at all efficiently 
in the absence of enzymes (= proteins) 
such as phosphokinases ? 


Phosphorus Accumulation 


Each ATP molecule consists of a ri- 
bose sugar, the purine adenine, and three 
phosphates. Provided phosphorus was 
available, there probably was no great 


8 Haldane (1954) suggests that instead of 
ATP, a certain hexametaphosphate which has 
been found in yeast and in Neurospora perform- 
ing functions similiar to those of ATP, may 
have been the original protein-synthesizing in- 
termediary. However, the efficiency and ubi- 
quity of ATP are arguments in its favor, par- 
ticularly if we can find a plausible mechanism 


for the synthesis of ATP. But until more is — 


known about the hexametaphosphate—there ap- 
pears to be some evidence that perhaps the same 
hexametaphosphate is found in chordates, but 
with no apparent function—a choice for bio- 
genesis should not be attempted. However be- 
cause of the general structural sitnilarity of 
ATP, purine and pyrimidine nucleotides, the 
flavines, and the co-enzymes DPN and TPN, it 
will be profitable to examine Blum’s proposal 
in some detail. Two additional possible mech- 
anisms for protein synthesis in primitive times 
will be discussed later. 


if 
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difficulty in collecting all ATP precursors 
into local concentrations in our primitive 
body of water, especially considering the 
variety of available concentration mecha- 
nisms. Thus, an important problem for 
ancient non-biological synthesis of ATP 
—and of nucleotides—concerns the avail- 
ability and possibility of concentration of 
phosphorus. 

The present seawater abundance of 
phosphorus is about 10-°, some 10 its 
concentration in modern organisms. Es- 
pecially since primitive pools—as primi- 
tive oceans—certainly had a P abundance 
substantially below this figure, it is prima 
facie hard to see how phosphorus in any 


form could be collected in quantities suf- 


ficient for large scale syntheses of phos- 
phorus-organic molecules. (However, 
Tageeva (1942) gives evidence that ju- 
venile waters contain more phosphorus 
than surface waters.) A possible site for 
phosphorus reaction is Bernal’s subma- 
rine clay, but in the absence of selective 
adsorption of P by the clay, this mecha- 
nism is, perhaps, of limited importance. 
A possibly more important mechanism is 


‘indicated by the observation of Bungen- 


berg de Jong that often the constituents 
essential for the formation of the stable 
auto-complex coacervates are phosphorus 
compounds, such as phospholipids of the 
lecithin group. Auto-complex coacervates 
are a special class of complex coacervates 
formed from simple coacervates of the 
same charge in the presence of polyvalent 
ions of opposite charge, and marked by 
a greater stability than other coacervates. 
Because of this stability of auto-complex 
coacervates, and their ability to adsorb 
organic matter from the surroundings, 
there was ample opportunity to combine 
the phosphates within them with sugar 
and purines, thereby setting the stage for 
ATP and nucleotide synthesis. 

-Now almost all igneous and sedimen- 
tary P today appears combined with cal- 
cium in minerals such as apatite. An 
interesting analysis by Gulick (1955) 
points out that calcium phosphates are 
insoluble in water, but that the incom- 


pletely oxidized calcium phosphites and 
hypophosphites are soluble. The pres- 
ence of phosphites and hypophosphites 
requires a redox potential in the water of 
from 0.3 to 0.5 volts relative to hydrogen, 
and Gulick takes this as evidence that the 
atmosphere was strongly reducing at this 
time in which phosphorus was being 
combined with organic matter. How- 
ever, there is reason to believe that the 
atmosphere resulting from Gulick’s con- 
siderations is too strongly reducing for 
geochemical evidence (see Rubey, 1955). 
Further, the fact that all phosphorus 
compounds found in the earth and in life 
today are completely oxidized is evidence 
against a strong primitive reducing at- 
mosphere. In a weakly reducing atmos- 
phere, calcium phosphates would form, 
but because the seas were not water, but 
a dilute solution of organic matter, con- 
siderable phosphorus would be dissolved 
in solution (see Rankama and Sahama, 
1950, p. 589). In addition apatite is sol- 
uble in carbonic acid. Very dilute car- 
bonic acid rain may be expected in primi- 
tive times, just as today. Some fraction 
of the dissolved apatite would react to 
form phosphoric acid, which is water- 
soluble. Especially with the smaller 
abundance of precipitating calcium ions 
in the primitive sea, this might have 
made completely oxidized phosphorus 
available for early organic syntheses. 
The presence of phosphoric acid, auto- 
complex coacervation and phosphorus- 
organic solutions all together in ancient 
bodies of water may be the answer to 
the first question which arose out of 
Blum’s proposal. 


Ultraviolet Radiation as a Primitive 
Energy Source 


The second question concerned an en- 
ergy source for large-scale production of 
the two energy-rich pyrophosphate bonds 
of ATP. No chemical source is apparent 
which provides the requisite energy in a 
sufficiently general and sufficiently un- 
elaborate manner. Such chemical sources 
as have been proposed (e.g., Madison, 
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1955) seem far too complicated for ATP 
production at a large number of concen- 
tration sites. Therefore, it is natural to 
consider solar radiation as involved in 
some way. Ultraviolet excitation of or- 
ganic molecules in the atmosphere and 
subsequent downward diffusion is one 
energy-supply mechanism, but it is of 
considerable interest to see if at any time 
in the past history of the earth uv radia- 
tion penetrated down to the surface of 
the sea. 

Ultraviolet radiation does not penetrate 
through today because of absorption by 
atmospheric ozone. Ozone is formed by 
the three-body reaction. 


0+0,+M=0,+M. 


The atomic oxygen required for this re- 
action is supplied by the photodissociation 
of molecular oxygen: the feeble Herzberg 
continuum commences at A2420 and ex- 
tends to shorter wave-lengths ; the intense 
Schumann-Runge continuum commences 
at A1760 (see, e.g., Bates, 1954). Ina 
reducing atmosphere, molecular oxygen 
arises from the photodissociation of at- 
mospheric water vapor, beginning around 
41850. Photodissociation of ozone oc- 
curs in the strong Hartley continuum, 
centered around A6100; ozone is also 
vigorously destroyed by a number of en- 
dothermic processes, even in a weakly 
reducing atmosphere. Thus we see that 
the formation of ozone requires uv radia- 
tion considerably below A2400. 

Now it happens that ammonia absorbs 
for wave-lengths below A2400 (Noyes 
and Leighton, 1941), and so as long as 
there is ammonia above water vapor (or 
molecular oxygen) no ozone will form, 
especially since the presence of ammonia 
does not inhibit the ozone dissociation 
processes. Existence of either diffusion 
equilibrium or—what is more probable— 
a cold trap above the cloud layer would 
put considerable ammonia above oxygen 
or water vapor, and it appears that as 
long as ammonia was a common constitu- 
ent of the primitive atmosphere, no ozone 
was formed. 


From cosmic abundance considerations, 
less than 10-* of the present atmospheric 
N, can be residual from the primitive at- 
mosphere (Kuiper, 1952); and conse- 
quently the remainder must be attributed 
to exhalations from the interior of the 
earth. In primitive times such exhala- 
tions were more reducing than at present, 
and appreciable ammonia must have been 
injected into the atmosphere subsequent 
to the formation of the crust some 4.5 
billion years ago. Survival of proto- 
atmospheric NH,, and vulcanism may 
have maintained atmospheric ammonia 
for as much as half a billion or a billion 
years after the formation of the crust, 
and for this length of time there would 
be no ozone in the primitive atmosphere. 

Once the atmospheric supply of aim- 
monia was no longer replenished by vul- 
canism the situation is less clear. As 
soon as far ultraviolet could penetrate 
through the upper atmosphere, photolysis 
of water vapor, and the subsequent es- 
cape of hydrogen into interplanetary 
space, produced molecular oxygen, which 
proceeded to oxidize atmospheric constit- 
uents selectively according to their free 
energies. Even after all atmospheric 
methane, ammonia, and organic molecules 
were oxidized, volcanic CO was compet- 
ing with the ozone synthesis reaction for 
atmospheric oxygen. Since (1) ozone 
production is relatively unlikely due to 
the three body requirement (to conserve 
angular momentum) and (2) ozone is 
readily destroyed, as outlined above, even 
after the dissipation of ammonia it is not 
clear that sufficient ozone was produced 
to absorb all incident radiation between 
42000 and A2900. On the other hand, 
even a very small amount of ozone may 
have sufficed. (For a discussion of these 
points, see Kuiper, 1957.) At any rate, 
the existence of apparently photosynthe- 
sizing algae in limestone 2.6 billion years 
old (Holmes, 1954) suggests in two ways 
that free oxygen and enough ozone for uv 
absorption existed by this time. 

Now if there were no ozone in the 
primitive atmosphere, were there any 
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other absorbers in the near ultraviolet? 
Ammonia, methane, carbon dioxide and 
carbon monoxide are all transparent 
above A2400 (Noyes and Leighton, 1941) 
as are water vapor, hydrogen, and nitro- 
gen. In small concentrations, the only 
absorbers of near uv at this time were 
acetylene, and, perhaps, organic interme- 
diate oxidation state molecules, such as 
formaldehyde and acetone. C,H, absorb 
weakly between A2870 and A3150, and 
more strongly between A2300 and 41900. 
H-CHO is transparent in the far uv, but 
has absorption bands between A2900 and 
43500; CH,-CO-CH, absorbs between 
42200 and 43200, with a peak at about 
42760. Acetylene was formed by the uv 
photolysis of methane (Noyes and Leigh- 
ton, 1941). As for incompletely oxidized 
molecules, the uv-induced reaction 


CO, + H,O = H-CHO + O.,, 


and reduced carbon compound-water in- 
teractions producing formaldehyde may 
be expected to occur on a much larger 
scale than any presumed atmospheric 
synthesis of molecules as polyatomic as 
acetone. As the atmosphere became less 
and less reducing, the production and 
survival of acetone and other reduced 
compounds in the atmosphere became in- 
creasingly improbable. Thus, it is likely 
that the atmosphere was at least slightly 
transparent between A2400 and A2900 as 
life arose in the primeval waters. 

On the other hand, although quanta of 
2400 can (just barely) break the C—H 
bond, it seems reasonable to assume that 
the ultraviolet intensity was not so great 
as to photolyze all organic matter in the 
primitive sea: Water is virtually opaque 
to uv—at A2600, 50 cm. of seawater re- 
duces the incident intensity to about 10°; 
160 cm. reduces it to about 10-*° (Smith- 
sonian Physical Tables, 1933). Similar 


values hold throughout the window. 
Loci of organic matter in slow vertical 
circulation would have spent only a part 
of their time near the surface, and would 
thus considerably postpone uv photolysis. 
The incident uv that was not absorbed by 


water must have resulted in considerable 
photoactivation of uv-absorbing ring 
structures within coacervates and other 
eddies of organic concentration. In this 
category of substances fall pyridines, py- 
rimidines, purines, and tryptophane, all 
of which may have been involved in the 
gross synthesis of ATP, and all of which 
are strong uv-absorbers in the wave-length 
range of our primitive atmospheric win- 
dow. It ts therefore proposed that uv- 
activated ring structures, and particularly, 
uv-activated adenine provided the requt- 
site energy for high-energy bond phos- 
phorylation in primitive times. Uv ex- 
citation in the atmosphere of pyridines 
and other molecules produced there may 
have made considerable contribution to 
ATP synthesis as well. 

Ultraviolet irradiation of adenine or 
adenylic acid in a phosphate-containing 
milieu has not yet been attempted in this 
connection, and the results of such an 
experiment would be of some interest. 
Of relevance here, and of interest on its 
own account, is the experimental work 
of Carpenter (1939) which demonstrated 
the transfer of uv excitation energy in 
proteins from light-absorbing rings of 
amino acid side-chains to the site of pep- 
tide linkage. The absorbed light quanta 
must transfer their energy through two 
CH, groups without enzymatic interme- 
diation. This and similar experiments 
show that the transfer of some ultraviolet 
excitation energy through an organic 
molecule is usually possible. 


ATP Utilization and Other Peptide- 
Synthesis Mechanisms 


Carpenter’s results are also of rele- 
vance to the third question which arose 
out of Blum’s suggestion ; namely, assum- 
ing ATP was available, could it have 
been utilized? It would appear that en- 
zymes such as phosphokinases cannot be 
used, since they are proteins, and it is 
precisely the synthesis of protein that we 
are trying to understand. Now in the 
first place, the need for phosphokinases 
in primitive times was probably less, be- 
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cause of the smaller volume of a coacer- 
vate or a clay particle than a modern cell, 
increasing the number of ATP-amino 
acid contacts. But this consideration 
aside, if a small amount of appropriate 
protein were produced by another source, 
and were utilized as a catalytic priming 
mechanism for ATP-induced peptidiza- 
tion, the problem would be solved. Now 
although Carpenter observed the energy 
transfer by noting the splitting of peptide 
linkages as a result of uv absorption, uv 
in general provides the energy for both 
synthesis and dissociation, particularly in 
a close-packed structure such as a coacer- 
vate; and, in fact, direct evidence that 
amino acid irradiation leads to peptide 
synthesis has been obtained (see, e.g., 
Gordy et al., 1955). Making a rough 
calculation of heuristic value only, if syn- 
thesis is one-fourth as probable as disso- 
ciation, the probability of a uv-induced n- 
peptide-linkage protein would be (1/4)"; 
this is about 10°° for ten linkages. In ad- 
dition to absorption by amino acid side- 
chains, the peptide bond itself has a weak 
absorption at about A2800 (Setlow and 
Guild, 1951). Since proteins readily 
undergo coacervation, a protein synthe- 
sized in a subsequently dissociated coac- 
ervate would soon find itself in a coacer- 
vate once more. 

Another mechanism which is, perhaps, 
more efficient is the anhydrocopolymeri- 
zation of amino acids (Katchalski, 1951; 
Fox and Middlebrook, 1954; see also 
Blum, 1955). If amino acids produced 
by uv in the atmosphere fell on dry land, 
or in pools later evaporated, spontaneous 
polymerization into long polypeptides 
would occur in the absence of water, and 
subsequent reflooding would make pro- 
teins available for ATP utilization. Fox 
and his co-workers have shown that this 
process is considerably accelerated in 
temperatures between 100° and 200° C. 
In fact, a whole sequence of important 
bio-molecules have been synthesized from 
simpler precursors in this way (Fox, 
1956; Fox, Johnson and _ Vegotsky, 


1956) and there is a suggestion of the 


ultimate pyrosynthesis of nucleotides and 
ATP. The question arises as to the 
source of such temperatures at a time 
after the formation of the crust. 

Now the present concentration of radio- 
active materials near the surface (see, 
e.g., Birch, 1954), the absence of any in- 
dividual rocks older than about 3 x 10° 
years, and other evidence, suggest that 
local sporadic melting of the earth’s crust 
occurred on a decreasingly extensive 
scale for perhaps 1.5 X 10° years after its 
formation. (The standard interpretation 
is that after an initial molten earth stage, 
radioactive K, Th, and U segregated out 
because their ionic radii are too great to 
fit into the silicate crystal lattice; but the 
conclusion of local melting does not nec- 
essarily depend on the molten earth hy- 
pothesis.) Since the melting point of 
silicates is above 200° C. appreciable 
heating to the temperatures required for 
pyrosynthesis must have occurred with- 
out immersing the synthesized molecules 
in flowing lava. Subsequent reflooding 
would bring these molecules back into the 
aqueous bio-synthetic milieu. It is im- 
portant that reflooding occur; molecules 
merely synthesized on land would have 
little opportunity to interact. Further, it 
would be convenient from considerations 
of the second law of thermodynamics for 
synthesized molecules to be washed into 
the sea before they are thermally dissoci- 


ated. (Cf. amino acid thermal stability 


lifetimes of Abelson (1954). The most 
thermostable amino acid, alanine, has a 
half-life of about 1000 years at 100° C. 
Other molecules may be much less stable. ) 

Thus with small amounts of polypep- 
tides produced by uv irradiation and by 
pyrosynthesis, the required catalytic 
priming for ATP-utilization is provided, 
and, in principle at least, Blum’s mecha- 
nism appears workable. The asseciated 
production of proteins, nucleotides, DPN, 
TPN, and flavines is correspondingly 
likely. 

The fairly general phenomenon of non- 
biological auto-catalysis (see, e.g., YCas, 
1955; Calvin, 1956), by which the exist- 
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ence of a molecule sometimes catalyzes its 
further production from precursors in the 
medium, might provide for accelerated 
production of ATP and the molecules 
just listed. It should be pointed out, 
however, as Muller has emphasized on 
several occasions (e.g., Muller, 1947), 
that such non-biological autocatalysis oc- 
curs by a variety of unrelated mecha- 
nisms in different syntheses, and merely 
accelerates reactions which would have 
occurred in any case. Especially since a 
variation in the autocatalyst rarely if ever 
results in the continued synthesis of mole- 
cules now identical with the changed auto- 
catalyst, this process is very unlike bio- 
logical reproduction. Nevertheless, it 
may have been important for primitive 
large-scale synthesis of bio-molecules. 

There is a tendency for cell membranes 
to be more impermeable to phosphory- 
lated molecules than to unphosphory- 
lated molecules (Dixon, 1951), a tend- 
ency which the semi-permeable surfaces 
of coacervates may be expected to share. 
Thus a coacervate containing ATP and 
perhaps a phosphokinase would tend to 
trap phosphorylated molecules, the proc- 
ess continuing until the concentration of 
free molecules outside the coacervate falls 
to the equilibrium concentration of un- 
phosphorylated molecules within the co- 
acervate. The energy for overcoming os- 
motic forces would come from the ATP 
bonds. The combination of this process 
with the natural adsorptivity of coacer- 
vates should be very efficient in produc- 
ing loci of organic condensation. 

One aspect of protein synthesis fre- 
quently overlooked is that in water solu- 
tion, proteins generally hydrolyze into 
their constituent amino acids—this is why 
anhydrocopolymerization works, and 
spontaneous production of polypeptides 
in water does not. But proteins adsorbed 
in Bernal’s  aluminosilicates (Blum, 


1955), or in the water-poor colloidal nu- 
cleus of coacervates avoid this difficulty. 
The development of a local condensation 
of organic matter, in contact with the 
surrounding waters in order to obtain 


dissolved organic matter, but remaining 
at the same time relatively anhydrous, an 
entity apart, would appear to be necessary 
for large-scale protein synthesis. How- 
ever, the formation of some water-soluble 
amino acid polymerizations can be ex- 
pected (see Katchalski, 1951). 

Once coacervates containing proteins 
were formed, a whole series of subsequent 
complex coacervations with coacervates 
of opposite electric charge must have oc- 
curred (Bungenberg de Jong, 1936). 
Reactions such as 


protein (+) and organic phosphates (— ) 
and 
protein (+) and sugars (—) 


would tend to lead to the formation of 
nucleotides associated with proteins, and 
analogous reactions would produce large 
numbers and varieties of conjugated pro- 
teins, such as flavoproteins, iron porphy- 
rin proteins, etc. In addition this is a 
possible mechanism for the protein cataly- 
sis of ATP synthesis. Once nucleotides 
are formed, by whatever process, the com- 
plex coacervations 


protein (+) and nucleotides (—) 
and 
protein (+) and nucleic acid (—) 


would occur, and would lead to the for- 
mation of nucleoproteins. Nucleotide 
polymerization may have occurred by 
successive complex coacervations, of nu- 
cleotides on a protein backbone (perhaps 
with pyrocatalysis), or by purine and 
pyrimidine absorption of uv, in a manner 
similar to that already discussed for pro- 
tein synthesis. But once proteins are 
produced the production of other mole- 
cules is a vastly simpler process because 
of the possibility of enzymatic catalysis. 


THE DIFFERENTIAL SURVIVAL OF 
PROTEINS AND NuCLEIC ACIDS 


| Thus, it appears that fairly plausible 
mechanisms can be postulated for the 
non-biological synthesis of proteins and 
nucleic acids in local eddies of concentra- 
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tion in the primitive waters. But cer- 
tainly many other organic molecules, 
some of equal complexity, must have been 
produced, and the question arises why 
proteins and nucleic acids rather than 
some other substances play the funda- 
mental biochemical roles in living or- 
ganisms. This is a dangerous question, 
and at the present state of knowledge, 
any answer, being a posteriori, must seem 
somewhat forced. We should bear in 
mind that accidental factors may be cru- 
cial; if three different molecular aggrega- 
tions of equal survival potential are 
formed simultaneously, and two of them 
are washed up on a beach, say, or are uv 
photolyzed, autocatalysis by the third 
may just possibly give its type such a 
numerical superiority that representatives 
of the other two aggregations, when spon- 
taneously formed at a later time, may be 
unable to catch up. This is particularly 
true among organic adsorbers such as co 
acervates, where there may be a competi- 
tion for adsorption of precursors from the 
medium. Such a chance head start may 
be the explanation, for example, for the 
predominance of levorotary stereoisomers 
among modern bio-molecules.* We will 
return to the question of uniqueness later. 

For life to arise, one wants complexity, 
and this is achieved most easily by poly- 
merization. However, from the point of 
view of a molecule, in the manifest ab- 
sence of forethought, there is no net im- 
petus towards polymerization ; indeed be- 
cause of the second law of thermodynam- 
ics one might expect the impetus to be in 
the opposite direction. As already men- 
tioned, the Kavanau mechanism provides 
some stimulus for polymerization; but 
what one really wants is a mechanism for 
the differential survival of polymerized 
molecules over unpolymerized molecules. 
Such a mechanism exists. 

According to the findings of Abelson 
(1954), amino acids have a surprisingly 


* However, the recent discovery by Yang, 
Lee, and Wu that parity is not conserved in 
weak interactions may, perhaps, indicate a pref- 
erence for lefthandedness in nature as a whole. 


great survival potential at ordinary tem- 
peratures. Use of the Arrhenius equa- 
tion indicates a half-life for alanine, for 
example, of 3 x 10° years at 20° C. But 
ancient uv irradiation changes the pic- | 
ture completely, and the probability of 

survival of amino acids in a vertically cir- ' 
culating pool even over a period of years | 
is very small; as uv readily produces 
amino acids, it even more readily photo- 
lyzes them. However, it is found that 
such an effect is considerably offset if the 
amino acids have polymerized (Gordy et 
al., 1955). Even a single peptide bond is 
effective ; glycylglycine has a substantially i 
greater resistance to photodissociation 
than does glycine. In part at least, this ) 
must be due to the Franck-Rabinowitch 
cage effect. And, as already discussed, 
irradiation may induce polymerization 
rather than destroying it. Similar results iy 
probably hold for polymers in general, 
(see, e.g., Sinsheimer, 1955; Bevington 
and Eaves, 1956), and provide a mech- 
anism for the net increase of polymers 
over non-polymers in the primitive sea. 
It indicates a differential survival of 
proteins over amino acids, and of nu- 
cleic acids over nucleotides. Further, 
because of complex coacervation and cat- 
alysis, increased protein survival would 
tend to imply increased nucleic acid syn- 
thesis. 


OF REPRODUCTION 


Insofar as a function exists at all, the 
function of organisms seems to be the re-/ 
production of their kind. Consequently, 
it is of considerable interest to investi- 
gate the origin of reproduction. It is by 
no means a priori obvious that organisms 
must reproduce to survive, and a homeo- 
static metabolizing body which utilizes 
external energy sources to preserve its 
form and physiology, but which does not 
reproduce, is conceivable, and probably 
would have to be acknowledged as 
“alive.” (If homeostasis were efficient, . 
such a body might have an infinite intrin- | 
| 
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sic survival potential; in fact the prob- 
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lems of homeostasis, reproduction and 
immortality seem curiously interrelated. ) 
Thus, it is necessary to seek a mechanism 
which demands reproduction for survival. 


Coacervate Division 


As a first attempt, let us consider co- 
acervates in a general way. They pos- 
sess a definite membrane-like surface 
which separates them from their environ- 
ment, and in a sense permits them to 
work out their own destinies. However 
they are not completely isolated, for they 
have a marked ability to adsorb organic 
matter from the surroundings, as has 
been mentioned ; and as a consequence of 
this adsorption, Bungenberg de Jong ob- 
served a steady increase in the size and 
weight of the particles. 

Now the general case of a body con- 
suming matter at a rate proportional to 
its concentration has been mathematically 
investigated by Rashevsky and_his 
school (see Rashevsky, 1948). In gen- 
eral, it has been shown that beyond some 
critical size the object cannot continue to 
exist, the limitation on size being made 
by the particular metabolic and diffusive 
processes involved, as well as by the 
shape of the body. As a very simple ex- 
ample, the volume of an expanding ho- 
mogenous sphere increases as the cube 
of the radius, while the surface only as 
the square; clearly eventually a radius 
will be reached at which there will be 
just not enough surface area for the vol- 
ume, and the body will destroy itself. 
This gastronomic suicide can be avoided 
by fission, a process which essentially in- 
creases the net surface area of a constant 
net volume, and in general, Rashevsky 
has demonstrated that after the first di- 
vision there exists a state of much greater 
stability. It can be shown that under 
certain not unlikely conditions fission 
roughly along a diametrical plane may be 
effected by internal diffusive forces. 
Thus, under certain conditions, to pre- 
serve equilibrium, primitive coacervates 
may have undergone primitive fission. 

Now such a fission is extremely crude, 


operating through largely uncontrolled 
diffusive forces, and frequently the plane 
of fission will be non-diametrical. For 
this reason, and also because the organi- 
zation of such a coacervate could not pos- 
sibly be symmetric about a plane of cleav- 
age, the two daughter coacervates would 
be very different from each other, and 
from the parent coacervate. Under such 
conditions the operation of natural selec- 
tion is almost impossible, for a coacervate 
possessing some quality of adaptive value 
cannot establish a clone characterized by 
that quality. Since natural selection is 
inoperative, there can be no selection 
pressure towards improvement of the fis- 
sion process. Thus, such primitive fis- 
sion appears to have a built-in mechanism 
preventing its own survival. This con- 
clusion applies not only to coacervates, 
but to any objects fissioning by uncon- 
trolled diffusive forces. 


DNA Suitability 


It is time to try another tack. Nucleo- 
tides, amino acids, and most other bio- 
chemical building blocks are asymmetric 
structures. Further, polymers in which 
each building block bears the same rela- 
tion to its neighbor are easily formed, be- 
cause once a type of bonding is estab- 
lished—the peptide bond, for example— 
polymerization can proceed in a perfectly 
straightforward manner. Now as Paul- 
ing has pointed out many times (see, e.g., 
Pauling, Corey, and Hayward, 1955), the 
only way to mesh together like asymmet- 
ric building blocks so each has the same 
relation to its neighbors as any other, is 
in the form of a helix—consider, e.g., a 
spiral staircase. Hence it is not very 
surprising that many biological polymers 
are helical. 

However, there is an inherent disad- 
vantage to mere polymerization. It has 
frequently been pointed out (Oparin, 
1938; Schrodinger, 1944; Muller, 1947 ) 
that for natural selection to have long- 
range effectiveness, the fundamental bio- 
logical material must maintain a non- 
repetitive or aperiodic structure. Mere 
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_polymers—simple repetitions of the same 

pattern—cannot present sufficient diver- 
| sity for selection to operate on, and hence 
‘are evolutionarily sterile. On the other 
hand, the likelihood of a particular large 
randomly-structured molecule forming 
spontaneously many times is very small. 
What one would like is a sort of organ- 
ized asymmetry. 

Now desoxyribonucleic acid 

(DNA) molecule structure as put for- 
ward by Watson and Crick (1953) is 
just this: a compromise between repetiti- 
ous polymerization (the sugar-phosphate 
_ backbone) and random order (the purine 
and pyrimidine side chain cross-bond- 
ings), a compromise between the con- 
flicting demands for ubiquity and evolu- 
tion. Thus, a primitive protoDNA mole- 
cule had an enormous selective advantage 
‘over neighboring nonhelical molecules, 
provided it reproduced so natural selec- 
tion could operate at all. 


Radiation and DNA Reproduction 


There has been considerable recent dis- 
cussion on the mechanism of DNA repro- 
duction. All discussants appear agreed 
with the original suggestion of Watson 
and Crick that first the hydrogen bonds 
uniting nucleotides across from each 
other on the two helices break in a pro- 
gressive zipper-like manner. The niche 
formed by this separation serves as a 
surface that catalyzes the attachment of 
complementary nucleotides from the cell 
milieu, each helix reproducing the other 
with polarities correctly running in oppo- 
site directions. The reproduction of each 
helix by the other is assured by the 
unique bonding of adenine only with thy- 
mine, guanine only with cytosine. At 
this point the molecule has reproduced 
itself, but in general the four helices are 
entangled. The discussion has primarily 
concerned itself with the mechanism of 
disentangling the strands. 

The original mechanism for disentan- 
gling proposed by Watson and Crick has 
received support in a recent article by 
Levinthal and Crane (1956). They 


show that it is both topologically and 
physically reasonable that the unwinding 
occurs synchronously with reproduction, 
following the zipper down the molecule, 
with all three arms of the Y-shaped 
structure each rotating about its own 
axis. Delbriick (1954) proposes that the 
complementary synthesis proceeds syn- 
chronously down the two chains, but that 
the chains break at the growth point 
every half-turn in the helix, and then re- 
unite. Gamow (1955) points out that if, 
prior to the breaking of the hydrogen 
bonds, the double helix is itself wound 
into a helix possessing the same repeti- 
tion period as the individual helices, then 
after reproduction the two DNA mole- 
cules can make a clean break. Platt 
(1955) suggests a “transfer-twist” after 
synthesis, pulling the strands apart in the 
middle and letting each strand twist about 
itself. 

In the primeval waters, a large-scale oc- 
currence of Gamow’s mechanism, Platt’s 
mechanism, or Delbrtick’s presumably en- 
zyme-catalyzed mechanism seems much 
less likely than the synchonous unwind- 
ing of Levinthal and Crane which re- 
quires no external stimulus. In any case, 
unwinding of a large percentage, at least, 
of protoDNA molecules seems likely in 
primitive times. If, then, we can estab- 
lish a mechanism which regularly breaks 
hydrogen cross-bonds, primitive DNA 
reproduction will appear plausible. 

The hydrogen bond is a bond of low 
energy, of the order of 0.2 electron volts, 
about a fifth the energy of ordinary chem- 
ical bonds. It would appear that solar 
radiation is a natural source of energy for 
lysis of DNA hydrogen bonds. Visible 
light quanta have the necessary energy, 
and even the noonday heat might be suf- 
ficient, but it is worthy of note that the 
uv-absorbing structures of DNA, the pu- 
rines and pyrimidines, are locatéd di- 
rectly adjacent to the hydrogen bonds; 
such orientation of these bases once may 
have had survival value. The nucleic 
acid absorption near A2600, due to these 
bases, is in the middle of the proposed 
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atmospheric window. Hydrogen bond 
lysis may have occurred by successive ab- 
sorption of quanta; lysis of an upper hy- 
drogen bond causing a small rotation of 
the helix, and exposing the purine and 
pyrimidine immediately beneath. Prob- 
ably, rotational inertia also played a role, 
the uncoiling of the upper part of the 
double helix placing a strain upon the 
lower part. As discussed previously, the 
length of the day was very much shorter 
in early times. A diurnal rotation of the 
earth with a period of 5 to 10 hours 
would establish a suitable periodicity for 
DNA reproduction, and may be the ori- 
gin of the periodicity of biological repro- 
duction in general. It is possible that in 
these early times complete lysis of hydro- 
gen bonds occurred in the daytime, while 
molecular “hunting” for appropriate nu- 
cleotides continued on into the night. 
Certainly the availability of DNA pre- 
cursors must have been smaller in the 
primitive waters than in modern nucleo- 
plasm, and the reproduction period would 
also have been a function of the nucleo- 
tide supply rate. At any rate, the combi- 
nation of random thermal energy, uv, and 
rotational inertia appears to provide a 
suitable mechanism for DNA hydrogen 
bond lysis, and hence for the reproduction 
of protoDNA. Note that for the same 
reasons the Kavanau mechanism was re- 
stricted to the surface of the waters, if the 
mechanism just proposed was of principal 
importance, protoDNA reproduction was 
similarly restricted. 

In a pool, or in a local neighborhood in 
the sea, as the population of protoDNA 
molecules increases, a point will be 
reached beyond which the demand for 
nucleotides will exceed the amount (non- 
biologically) produced, and intermolecu- 
lar competition for precursors will be es- 
tablished. Further, as the atmosphere 
becomes less and less reducing, the syn- 
thesis and survival of pyridines, pyrimi- 
dines and purines, as well as of amino 
acids, may be expected to fall off, en- 
hancing the competition for nucleotides. 
Since protoDNA molecules naturally 


have high mutation rates, the competition 
likely caused a rigorous natural selection 
in the classical Darwinian fashion for 
more efficient utilization of old precur- 
sors, utilization of new precursors, and 
improvement of the reproductive mecha- 
nism. The association of nucleic acids 
with proteins may have been of consider- 
able importance in making these adapta- 
tions. By this time evolution was well 
on its way. 

The fact, then, that natural selection 
demands self-duplication is the basis of 
the adaptive value of reproduction. This 
conclusion is in general agreement with 
the interesting analysis by Muller (1929) 
of a population of hypothetical immortal, 
non-reproducing, but mutating organ- 
isms. In order to have produced, say, 
a protozoon by mutation, the mutually 
independent non-biological production of 
more than 10°°° primitive organisms in 
the primeval waters is indicated. This 
is, of course, impossible, and reproduc- 
tion must be essential for evolutionary 
advance. 


Uniqueness of Proteins and 
Nucleic Acids 


We may now return to the question of 
the uniqueness of proteins and nucleic 
acids. Because of the ease of formation 
of amino acids in the primitive atmos- 
phere, the uniqueness of protein may be 
due in large part to its availability as a 
polymer with side-chains. It is very in- 
teresting that in the experiments of Miller 
and Abelson very little else besides amino 
acids was produced. The importance of 
other properties of protein—its eagerness 
to undergo coacervation, its catalytic abil- 
ity—has already been mentioned. Nu- 
cleic acids, although formed not nearly so 
easily, had five main advantages: 


(1) Nucleic acids are polymers, and 
hence more radiation resistant than non- 
polymers. 

(2) They associate readily with pro- 
tein coacervates, and, not necessarily by 
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coacervation, with such proteins as his- 
tones and protamines. 

(3) They have a randomly ordered 
side chain cross-bonding which gives 
them a great information-carrying evolu- 
tionary potentiality. 

(4) They readily and precisely repro- 
duce themselves. 

(5) They undergo mutual competition 
for precursors, thereby stimulating evo- 
lutionary advance. 


From the discussion of the preceding 
section, it is seen that property (4) is the 
key selective advantage of nucleic acids. 
Such advantages may have been suffi- 
cient, accidental factors aside, to estab- 
lish proteins and nucleic acids as the 
fundamental constituents of living beings. 


THE NAKED GENE 


We know the gene is architectonic in 
life today ; no organism is known to exist 
except by virtue of a complement of 
genes. If there is one generalization we 
can make from the picture presented by 
paleontology and evolution, it is this: that 
organisms die but their genes pass on— 
often mutated and redistributed, it is true, 
but genes nevertheless ; and it is difficult, 
therefore, to escape the conclusion that 
the design of the organism is merely to 
provide for gene multiplication and sur- 
vival. If this is true, then there can be 
no ancestral organism which is devoid of 
at least one gene-like component, and it 
is then at least very natural to take the 
gene itself as the predecessor of more 
complex organisms (cf. Muller, 1947, § 
10). Muller (1952) says of Oparin, 
. he carried the story [of the origin 
of life] part-way up towards the critical 
point—that of the appearance of the gene. 
However, since he omitted this, and fol- 
lowed Haeckel and the other venerable 
figures of the nineteenth century in put- 
ting some kind of metabolizing proto- 
plasm first, the theory he subscribes to is, 
in my opinion, like a science of organic 
chemistry which omits carbon.” 

Now the picture we have been drawing 
of the gradual origin of the protoDNA 


molecule, associated with protein, is cer- 
tainly strongly suggestive of a primitive 
free-living naked gene situated in a dilute 
medium of organic matter. Because of 
selection pressure upon it, the naked gene 
may be expected to slowly increase the 
number of its functions as it increases the 
number of its nucleotides. Of course 
there must be certain functional differ- 
ences between the naked gene and the 
modern gene, because, for one thing, 
there is a discrepancy in evolution of 
some four billion years, and, for another, 
there was no protoplasm per se for the 
naked gene to act upon. In this connec- 
tion we should note the work of Macal- 
lum and his successors, which shows sig- 
nificant similarities between the chemis- 
try of protoplasm and of the waters of 
the present seas. This is suggestive that 
in time the naked gene found it of greater 
adaptive value to control the immediate 
environment by becoming no _ longer 
naked, and incorporating some of the sea 
around it into a new biological entity. 
All the evolution beyond this point, up to 
and including ourselves, has been the 
story of greater gene control of the en- 
vironment, in order to insure gene repro- 
duction and gene survival. 


SUMMARY 


It is suggested that solar ultraviolet 
radiation penetrated through the primi- 
tive terrestrial atmosphere to the surface 
of the waters. The existence of loci of 
phosphorus-organic concentration is 
likely, ultraviolet-activated ring 
structures may have transfered their en- 
ergy to synthesize high-energy phosphate 
bonds. Small amounts of proteins pro- 
duced by pyrosynthesis or by radiation- 
induced polymerization would have pro- 
vided the enzymatic priming required for 
utilization of ATP, and the large-scale 
production of bio-molecules. The differ- 
ential survival of polymers over non- 
polymers is indicated by polymeric re- 
sistance to ultraviolet photolysis. 

It is proposed that nucleic acids and 
proteins possess certain unique properties 
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which were ideally suited for biogenesis. 
The origin of polynucleotides (proto- 
DNA) was a major turning point, since 
reproduction and biological evolution 
were now possible. Hydrogen bond 
lysis and protoDNA reproduction may 
have been radiation-induced. The result- 
ing, evolving nucleoprotein, situated in a 
dilute medium of organic matter, is sug- 
gested to be the first living thing, a free- 
living naked gene. 
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Note Added in Proof 


There has been some recent discussion 
of the relative roles of gene and cyto- 
plasm in the first living things. The dis- 
cussion revolves around the important 
work of Fox on the pyrosynthesis of 
fundamental biochemical reaction chains. 
If the complex gene-controlled bio-syn- 
theses of modern organisms could have 
been produced thermally in primitive 
times, and without gene mediation—the 
argument goes—then it is the cytoplasm 
and not the gene which is essential for 
life processes ; the gene merely selects al- 
ternative metabolic pathways from those 
presented by a pre-existing totipotent 
cytoplasm. Now it seems to the writer 
that although this proposed mechanism 
for gene action may prove to be opera- 
tive, particularly for primitive organisms, 
it by no means follows out of Fox’s work 
that the cytoplasm is the basis of life. 
For, as Muller has repeatedly empha- 
sized, life implies evolution, and evolution 
implies both reproduction and reproduc- 
tion of mutations, accomplishments which 
cytoplasm alone is unable to make. The 
cytoplasm may select the instruments, but 
it is the gene which plays the tune of life. 


LITERATURE CITED 


Apetson, P. H. 1954. Paleobiochemistry. 
Carnegie Inst. Wash. Yr. Bk. No. 53, 97. 
Asetson, P. H. 1956. Amino acids formed in 

“primitive atmospheres.” Science, 124: 935. 

Bates, D. R. 1954. The physics of the upper 
atmosphere. In The Earth as a Planet, G. 
P. Kuiper, ed., Chicago. 

Berna, J. D. 1951. The Physical Basis of 
Life. London. 

Bevincton, J. C., anp D. E. Eayes. 1956. 
Use of irradiated polymers as initiators of 
polymerization. Nature, 178: 1113. 

Brrcw, F. 1954. Heat from radioactivity. 
Chapter 5 of Nuclear Geology, H. Faul, ed., 
New York. 

Brum, H. F. 1951. Time’s Arrow and Evolu- 
tion. Princeton. 

Brum, H. F. 1955. Perspectives in evolution. 
Am. Sci., 43: 595. 

Carvin, M. 1956. Chemical evolution and the 
origin of life. Am. Sci., 44: 248. 

CARPENTER, D. C. 1939. Splitting proteins by 
ultraviolet light. Science, 89: 251. 

DavvILiieR, A., AND E. Descurn. 1942. La 
Genése de La Vie. Actualités Scientifiques 
et Industrielles, Paris. 

DetspricK, M. 1954. On the replication of de- 
soxyribonucleic acid (DNA). Proc. Nat. 
Ac. Sci. U.S., 40: 783. 

Dixon, M. 1951. Multi-Enzyme Systems. 
Cambridge. 

Fox, S. W., AND M. Mippiesrook. 1954. An- 
hydrocopolymerization of amino acids under 
the influence of hypothetically primitive ter- 
restrial conditions. Federation Proc., 13: 
211. 

Fox, S. W. 1956. Evolution of protein mole- 
cules and thermal synthesis of biochemical 
substances. Am. Sci., 44: 347. 

Fox, S. W., J. E. Jounson, anp A. VEGoTSKY. 
1956. On biochemical origins and optical 
activity. Science, 124: 923. 

Gamow, G. 1955. Topological properties of 
coiled helical systems. Proc. Nat. Ac. Sci. 
U.S., 41: 7. 

Gorpy, W., W. B. Arp, anp H. Suretps. 1955. 
Microwave spectroscopy of biological sub- 
stances. I: Paramagnetic resonance in X- 
irradiated amino acids and proteins. Proc. 
Nat. Ac. Sci. U.S., 41: 983. 

Gutick, A. 1955. Phosphorus as a factor in 
the origin of life. Am. Sci., 43: 479. 

HatpangE, J. B. S. 1929. The origin of life. 
Rationalist Annual. 

HaLpaAng, J. B. S. 1954. The origins of life. 
New Biology, No. 16. 

Hoitmes, A. 1954. The oldest dated minerals 
of the Rhodesian shield. Nature, 173: 612. 

Jerrreys, H. 1929. The Earth. 2nd ed., Cam- 
bridge. 


b 
q rad 
3 
> 
| 
7 
* 
“3 i 
4 
{ 
| 
t A 
A 
48 
&s 
8 
{ 
{ 
| 
¢ 
| | 


ORIGIN OF THE GENE 55 


pE Jonc, H. G. BuncenserG. 1936. La Coac- 
ervation et Son Importance en Biologie, 2 
vols., Actualitiés Scientifiques et Industri- 
elles, Paris. 

KatcHatski, E. 1951. Poly-a-amino acids. 
Advances in Protein Chem., 6: 123. 

Kavanau, J. L. 1947. Some physico-chemical 
aspects of life and evolution in relation to 
the living state. Am. Nat., 81: 161. 

Kurrer, G. P. 1952. Planetary atmospheres 
and their origins. In The Atmospheres of 
the Earth and Planets, G. P. Kuiper, ed., 
Chicago. 

Kuiper, G. P. 1957. The origin, evolution, 
and possible ultimate fate of the earth. In 
The Planet Earth, D. R. Bates, ed. In 
press, London. 

LEVINTHAL, C., anp H. R. Crane. 1956. On 
the unwinding of DNA. Proc. Nat. Ac. Sci. 
U.S., 42: 436. 

MacEwan, D. M. C. 1948. Complexes of 
clays with organic compounds, I: Complex 
formation between montmorillonite and hal- 
loysite and certain organic liquids. Trans. 
Faraday Soc., 44: 349. 

Mapison, K. M. 1955. Talk on pyrophos- 
phates and primitive energy sources before 
the Society for the Study of Evolution at 
the East Lansing AIBS conference. 

Miter, S. L. 1953. <A production of amino 
acids under possible primitive earth condi- 
tions. Science, 117: 528. 

Miter, S. L. 1955. Production of some or- 
ganic compounds under possible primitive 
earth conditions. J. Am. Chem. Soc., 77: 
2351. 

Mutter, H. J. 1929. The method of evolution. 
Scientific Monthly, 29: 498. 

Mutter, H. J. 1947. The gene, Royal Society 
Pilgrim Trust Lecture. Proc. Roy. Soc. B. 
134: 1. 

Mutter, H. J. 1952. Private communication. 

pu Noty, P. LeComre. 1947. Human Des- 
tiny. New York. 

Noyes, W. A., AND P. A. Leicuton. 1941. 
The Photochemistry of Gases. New York. 

Opartn, A. I. 1938. The Origin of Life. 
New York. 


Patterson, C., G. Tritton, anpD M. INGHRAM. 
1955. The age of the earth. Science, 121: 
69. 

Pauttne, L., R. B. Corey, anp R. Haywarp. 
1955. The structure of proteins. In The 
Physics and Chemistry of Life. New York. 

Pratt, J. R. 1955. Possible separation of in- 
tertwined nucleic acid chains by transfer- 
twist. Proc. Nat. Ac. Sci. U.S., 41: 181. 

RANKAMA, K., anp T. G. Sanama. 1950. 
Geochemistry, Chicago. 

RasHeEvsky, N. 1948. Mathematical Bio- 
physics, rev. ed., Chicago. 

Ruspey, W. W. 1955. Development of the 
hydrosphere and atmosphere, with special 
reference to the probable composition of the 
early atmosphere. In Crust of the Earth, 
A. Poldervaart, ed. Special paper 62 of the 
Geological Society of America. 

Russett, R. D., anp D. W. Aran. 1955. 
The age of the earth from lead isotope 
abundances. M.N.R.A.S., Geophysical Sup- 
plement, 7: 80. 

SINSHEIMER, R. L. 1955. Ultraviolet absorp- 
tion spectra. In Radiation Biology, Vol. II, 
A. Hollaender, ed., New York. 

ScurOpincer, E. 1944. What Is Life? Cam- 
bridge. 

Setiow, R. B., anp W. R. Guttp. 1951. The 
spectrum of the peptide bond and other sub- 
stances below 230 mu. Arch. Biochem. and 
Biophys., 34: 233. 

SMITHSONIAN Puysicat Tasies. 1938. 8th 
ed., p. 389, Table 445, Washington. 

Taceeva, N. V. 1942. Fluorine and boron in 
natural waters and their bearing on the 
occurrence of petroleum. Doklady Acad. 
Nauk. U.R.S.S., 34: 117. Cited by Ran- 
kama and Sahama, Joc. cit. 

Turtnc, A. M. 1952. The chemical basis of 
morphogenesis. Philos. Trans. Roy. Soc. 
B., 237: 37. 

Urey, H. C. 1952. The Planets: Their Origin 
and Development. New Haven. 

Watson, J. D., ann F. H. G. Crick. 1953. 
The structure of DNA. Cold Spring Har- 
bor Symp. Quant. Biol., 18: 123. 

Yéas, M. 1955. A note on the origin of life. 
Proc. Nat. Ac. Sci. U.S., 41: 714. 


oo 


| 


‘ 


ORIGIN OF LIFE ON EARTH, ITS EVOLUTION 
AND ACTUALISM 


M. G. Rutren 


Mineralogisch-Geologisch Instituut 
Rijksuniversiteit, Utrecht, Holland 


Received June 30, 1956 


Geologic science is mainly built upon 
the Principle of Actualism. This implies 
that the same natural processes, found 
now in operation in atmosphere, hydros- 
phere and lithosphere, have been in op- 
eration throughout most of geologic his- 
tory. Intensities varied, both in time and 
geographically, but no other, mysterious 
processes can be postulated in earth’s his- 
tory as far as one bases this history on an 
actualistic conception. 

-There was, of course, at one time a 
pre-actualistic period in the earth’s his- 


story. The earth as a ball of molten rock, 


although subject to the same fundamental 
laws of matter, will have been so com- 
pletely different from its present state, 
that it is not appropriate to apply the ac- 
tualistic principle for those early times. 
These early stages have often been called 
pre-geologic. It seems better to speak of 
them as pre-actualistic, for a non-actual- 
istic, early geologic history is well con- 
ceivable. 

Paleontology and the study of the evo- 
lution of life on earth are completely 
based on actualism. Evolution, as seen 
in the paleontological record, is explained 
in the terms of genetics. On the other 
‘hand, paleontology supplies us with the 
long-time conditions which short-time 
genetic conceptions must necessarily fit. 
Even when authors (for instance Schin- 
dewolf) are convinced that present day 
short-time genetics has not brought to 
light all processes regulating evolution, 
these missing factors are searched for in 
accordance with our actualistic concep- 
tion. 

In the history of geologic science, the 
beginning of the actualistic period has 
been pushed back farther and farther. It 
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was expressly stated at first for the sedi- 
mentary rocks, and all metamorphic suites 
were originally lumped together as 
“Grundgebirge” or “Archean.” Then it 
was found that metamorphism accompa- 
nied orogenetic cycles and was not an in- 
dication of a very old age. Metamorph- 
ics became normal rocks which had been 
modified by elevated temperatufes and 
stresses. Moreover, radioactive dating 
called attention to the enormous time 
which had elapsed before the Paleozoic. 
There has been recognized during this 
early history of the earth, a succession of 
orogenetic cycles, each of which includes 
an initial, long geosynclinal stage, fol- 
lowed by shorter periods of climactic or- 
ogeny and post-orogenetic phenomena. 
The latter often carried over to the geo- 
synclinal phase of the next orogenetic 
cycle. These ancient orogenetic cycles 
were found to be complete, with their ac- 
companying suites of igneous rocks, com- 
posed of initial volcanism during the geo- 
synclinal stage, syn-orogenetic intrusives, 
and a _ post-orogenetic volcanic close. 
They are exactly similar to the younger 
orogenetic cycles, which have affected the 
crust of the earth since the Paleozoic. 
These ancient orogenetic cycles prove 
that, as far as crustal movements are con- 
cerned, actualism can be extended back 
to the oldest rocks known. This time- 
covers in excess of 3 billion years (Kulp, 
1955). Also, there is in geology as yet 
no indication when—in regard to crustal 
movements—the pre-actualistic period 
ended and the actualistic period began. 
In regard to the evolution of life on 
earth, the situation is different as the fos- 
sil record only permits us to push the ac- 
tualistic period back to the beginning of 
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the Paleozoic. ~This is barely half a bil 
lion years ago. 


The actual origin of life on earth must\ 


have occurred much earlier. Bacteria 
found by Tyler and Barghoorn (1954) 
from North America are somewhat in- 
sufficiently dated as somewhat younger 
than two billion years. Algal fossils\ 
found by Macgregor (1940) in South 
Africa occur in calcareous sedimentary 
rocks that are older than some of the 
oldest igneous rocks dated by radioactiv- 
ity. They may be estimated as no less’ 
than 2.7 billion years old (Ahrens, 1955). 

Although some may be dubious about 


- the biological nature of these algal fossils, 
their structures are so well preserved 


that this can hardly be doubted. To- 
gether with the better preserved, though 
younger, bacteria of North America, it 
seems a certainty that the origin of life 
on earth dates backwards at least 2.7 


billion years, that is over two billion 
years earlier than the beginning of the 
Paleozoic. 

Theoretical considerations lead _biolo- 
gists to postulate that the origin of life 
through known natural courses operating 
in an atmosphere and hydrosphere com- 
parable to the present is impossible. 

Kluyver (1955) who recently surveyed 
this question, points to the dominant in- 
fluence of early microbe life, before the~ 
formation of free oxygene in the atmosr 
phere. He thinks of a three-step evolu- 
tion. First, in an atmosphere and hy-' 
drosphere which consists mainly of NH,, 
H,S and H,O, photochemical reactionsj 
are considered to have developed large 
quantities of “organic” compounds.\ 


“Life” would then become installed 
through a selection of differential growth 
processes inherent in different rates of 
molecular and ion exchange. 


A third 


Fic. 1. Time relations between the origin of life on earth, its known paleontological evolu- 
tion, and the establishment of an oxygenic atmosphere. 1, South African algal limestones of 
MacGregor; 2, North American bacteria of Tyler and Barghoorn; 3, Non-oxidized former 


weathering products of Rankama. 
R. C. Moore. 


Evolution of life since the Paleozoic schematized after 
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, Step consists of the installation, through 
mutations, of microbic life capable of ab- 
sorbing light quanta and using this en- 
fergy in photosynthesis in the system of 
H,S and CO,. A final step will have 
been made, when H.S as hydrogen do- 
nator became replaced by H,O, by which 
process free oxygene was produced. 

According to this theory, the present 
oxygenic atmosphere only dates from that 
time. Of course life changed consider- 
ably from then on, as the newly acquired 
skill proved to be a great asset. All 
| arlier life (that persisted) could sustain 
itself only when not in contact with the 
new atmosphere. Only under such cir- 
cumstances could it survive competition 
with more vigorous new mutants. It be- 

| came “an-aerobic,” or “an-oxygenic” 
would perhaps be the better designation. 
In the primary, oxygen-free atmosphere, 
this life could have existed without diffi- 
culty in contact with the air. It was then 
indeed “aerobic,” though “an-oxygenic.” 

In regard to the processes regulating 
life on earth, and in regard to the proc- 
esses obtaining in atmosphere and hy- 
drosphere, such as weathering, in short 
for most exogenic processes, the transi- 
tion from an-oxygenic to oxygenic at- 
mosphere was an event of greatest sig- 
nificance in the history of the earth. It 
is appropriate to draw the boundary be- 
tween pre-actualistic and actualistic peri- 
ods at the time of installation of the 
oxygenic atmosphere. The primary at- 
mosphere, in which the air itself is “an- 
aerobic” through being an-oxygenic, is so 
vastly different from present conditions, 
that it may well be called non-actualistic. 

The transition of the primary non- 
oxygenic atmosphere into the present 
oxygenic atmosphere is largely due to 
biogenic processes, to the advent of a 
new type of life on earth. The boundary 
between pre-actualistic and actualistic 
time in regard to exogenic processes then 
is not necessarily correlated to the bound- 
ary between pre-actualistic and actualistic 
periods in regard to endogenic processes. 
So, for instance, crustal movements in the 


earth might well have followed actualistic 
processes a long time before weathering 
at the earth’s surface. 

Rankama (1955) cites evidence from 
Finland, where subaerial weathering has 
resulted in a marked predominance of 
FeO over Fe,O, in rocks some 2 billion 
years old. There seems to be no increase 
in Fe,O, between the parent rock and the 
ancient weathered crust. This would in- 
dicate the existence, at that time, of a 
non-oxygenic atmosphere. 

If this is true, Tyler and Barghoorn’s 
bacteria might possibly be among the old- 
est aerobic organisms. Macgregor’s algae 
would then definitely belong to the pre- 
actualistic, an-oxygenic period of Life on 
Earth. 

Moreover, it can be concluded that 
even at that time, 2.7 billion years ago, 
there was already some differentiation in 
this earliest known pre-actualistic flora. 
Primitive though algae may be in their 
organization, they still are somewhat de- 
veloped in several respects, if compared to 
the microbes which can be presumed as the 
original representatives of life on earth. 

For one thing, these early algae had 
already acquired the skill of secreting 
limestone. It is by their limestone secre- 
tions that these algal fossils are known. 
The question arises as to whether organo- 
genic limestone deposition is possible in 
an an-oxygenic atmosphere or hydro- 
sphere. Kluyver (in lit.) thinks this 
probable on theoretical grounds. He 
points out that limestone secretion is in 
fact no more than the production of an 
alkaline reaction during metabolism. AI- 
kaline reactions are commonly found in 
present day an-aerobic metabolic proc- 
esses. Thus there seems to be no valid 
objection to the assumption that this par- 
ticular alkaline process of limestone secre- 
tion may have been active in particular 
primitive algae in an-oxygene surround- 
ings. 

CONCLUSIONS 


Evolution of life on earth, as we know 
it from the fossil record, can only be 
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followed over the last half billion years. 
It is actualistic. 

Origin of life on earth dates back to 
the oldest rocks known from the earth’s 
crust. That is to at least 2.7 billion years 
ago. 

Transition from pre-actualistic to the 
present actualistic periods did not nec- 
essarily coincide for exogenic and endo- 
genic processes. 

For endogenic processes it also dates 
back to the oldest rocks known from the 
crust. 

There is evidence of an-oxygenic 
weathering in rocks not older than 2 bil- 
lion years. This would place the transi- 
tion from pre-actualistic to actualistic pe- 
riods for exogenic processes at less than 
2 billion years ago. 

Calcareous algae found fossilized in 
South Africa would in that case be 
representatives of pre-actualistic, an- 
oxygenic life on earth. 
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Upon receiving from Dr. G. C. Decker 
of the Illinois State Natural History Sur- 
vey a new mutant strain of the housefly, 
Musca domestica L., which was distin- 
guished by a pale yellow-green eye color 


in place of the red-brown wild-type, ge- 


netic tests were performed which yielded 
curiously inexplicable results. Although 
the eyes of the F, of crosses between 
wild-type and green-eyed flies were all of 
the wild-type, there appeared in the F, 
in addition to the parental types a num- 
ber of intermediate forms ranging in eye 
color from pale pink to deep red (table 
1). Attempts to classify these intermedi- 
ates and to explain the observed frequen- 
cies by various multiple factor hypothe- 
ses failed; the situation was further com- 
plicated by the fact that none of the 
intermediate classes was true-breeding. 
In considering eye pigment inheritance 
in other insects, our attention was drawn 
to the recent work of Green (1955) on 
homologous mutants in the honeybee, 
Apis mellifera, and Drosophila. His 
feeding experiments with lyophilized bee 
supplements to the diet of vermilion and 
cinnabar Drosophila larvae suggested a 
possible environmental effect in the pro- 
duction of our intermediate forms. <A 
simple experiment in which whole bodies 
of normal adult houseflies were incorpo- 
rated into the rearing medium of green- 
eyed larvae showed that these intermedi- 
ates could indeed be produced from the 
ordinarily true-breeding green-eyed strain 
through the influence of some dietary fac- 
tor, a substance present in the bodies of 


1 Present Address: Department of Zoology, 
Duke University, Durham, North Carolina. 

2 Work performed while on leave of absence 
from Duke University. 
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wild-type flies but apparently absent in 
the mutant. The feeding experiments 
which are summarized in table 2 show 
that when wild-type and green larvae are 
grown together (as is inevitable in rear- 
ing the F,) a number of genotypic greens 
emerge as pink adults. More extensive 
tests showed that the proportion of flies 
exhibiting this darkening is directly re- 
lated to the ratio of wild-type to green 
larvae introduced, which suggests that 
normal larvae during the course of their 


development excrete some _ substance 
which induces the pigment formation in 
green flies. 


Following Green (1949) who showed 
that failure of brown pigment formation 
in vermilion Drosophila is attended by an 
accumulation of free tryptophan in the 
body fluids, we analyzed samples of the 
normal and mutant Musca and found 
that the wild-type adults have the same 
concentration of free tryptophan as wild- 
type Drosophila, about 0.250 mg./g. dry 
weight, while the green-eyed flies, like 
vermilion, have more than four times that 
concentration (table 3). The free tryp- 
tophan analyses show that pink flies are 
like the greens in having a concentration 
of free (non-protein) tryptophan four to 
five times that of the wild-type on emerg- 
ence. After holding the flies for eleven 
days these levels are reduced to the point 
where this sharp distinction begins to dis- 
appear. It is planned to investigate fur- 
ther this disappearance of free tryptophan 
with age. 

It was then apparent that the green- 
eyed housefly is a mutant homologous to 
those found in several other species and 
orders of insects, in which there is a ge- 
netic block at the first step of the meta- 
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TABLE 1. Genetic Tests of the Green Eye Color in Musca 


F 
(Wild eye) F: (Actual) 3 foray 
P; Mating ta Fi Mating 
| Pink 
? oi Wild interme-| Green | Wild Green 
diates 
Green 9 Xwild A(pair)) 39 | 37 _XFi (mass) | 913 | 54 | 244 | 908 | 303 
Green ° Xwild @(pair)| 29 | 38 | XF, (pair) | ¢i—62 | 17 | 
| #2— 46 20 0 
108 37 0 | 109 37 
Xgreen 9 (2 pairs) 57 6 50 56.5 | 56.5 
Xgreen o(2 pairs) 102 103 4 | 104.5 104.5 
Wild Xgreen A(pair)) 28 | 27 | XF: (pair) | #1102 | 23 | 0 
80 30 0 
32 15 0 
214 | 68 0 | 211.5 | 70.5 
Xgreen 9 (2 pairs) 80 73 0 76.5 76.5 Y 
| Xgreen (2 pairs) 98 109 0 | 103.5 103.5 ; 
TABLE 2. Feeding Experiments ' 
Production of 
Strain tested Medium intermediate types 
Musca: 
wild and green horsemeat + , 
wild and green milk-yeast-agar (m-y-a) 
green horsemeat 
green m-y-a + 
green m-y-a + whole wild adults + 
green m-y-a + lyophilized wild adults 
green *m-y-a + homogenized wild pupae oo 
green *m-y-a on which wild previously has been grown a 
green *m-y-a which previously had yielded pink flies a 
Phormia: 
yellow horsemeat - 
yellow m-y-a 
yellow *m-y-a + homogenized wild Musca adults - 
yellow *m-y-a + homogenized wild Musca pupae + 
Drosophila: 
purple cinnabar banana food + lyophilized wild Phormia _ 
purple cinnabar banana food + lyophilized yellow Phormia - 
purple cinnabar banana food - 
vermilion brown banana food + lyophilized wild Phormia — 
vermilion brown banana food + lyophilized yellow Phormia - + 
vermilion brown banana food - 
Periplaneta: 
white lyophilized yellow Phormia adults - 


* These tests were performed by Dr. F. M. Snyder of this Laboratory. 
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TABLE 3. Free tryptophan analyses 


Maximum Horn & Jones Eckert 
Source of material age mg./g. dry wt. mg./g. dry wt. 
Musca domestica 
Wild type 6 hours 0.188 0.260 
24 hours 0.272 0.240 
11 days 0.248 0.252 
Green 4 hours 1.410 1.504 
24 hours 1.016 0.976 
11 days 0.276, 0.280 0.208, 0.278 
Pink 3 hours 1.224 1.184 
24 hours 0.776, 1.136 0.892, 1.100 
11 days 0.440 0.368 
Phormia regina 
Wild type 1 day 0.268 0.338 
Yellow 1 day 0.222 1.218 
Periplaneta americana 
Wild type 4th instar 0.290 0.270 
White 4th instar 0.908 0.876 


bolic sequence: tryptophan to formylkyn- 
urenine to kynurenine to 3-hydroxykyn- 
urenine to brown pigment, and that kyn- 
urenine or one of the related compounds 
is being supplied to the green flies in the 
mixed cultures by excretion. An account 
of the original discovery of this geneti- 
cally controlled synthesis is given by 
Beadle (1951). 

Another point of interest is the occa- 
sional appearance of flies with pale pink 
eyes when greens are raised alone on the 
milk-yeast medium while on horsemeat 
this phenotypic effect is never seen. Ac- 
cording to Stanier and Hayaishi (1951) 
the initial attack in the bacterial oxidation 
of tryptophan commonly involves elimi- 


- nation of the alpha-carbon of the indole 


nucleus, resulting in kynurenine.  Evi- 
dently this type of oxidation is much 
more likely in the acidic milk-yeast than 
in the alkaline horsemeat. We _ have 
found that in 48 hours of incubation with 
larvae at 32° C. the pH of the milk- 
yeast goes from an initial value of 6.3 to 
about 5.5 while the production of am- 
monia in decaying horsemeat causes it to 
go from pH 5.9 to 8.4. This change in 
eye color by a product of bacterial oxida- 


tion is similar to the situation discovered 
by Tatum and Haagen-Smit (1941) in 
which they found that a species of bacil- 
lus could synthesize a sucrose ester of 1- 
kynurenine which produced the change in 
eye color in Drosophila. 

In Table 1 are listed the results of 
hybridization experiments with wild-type 
and green Musca; these represent the 
first published results of  single-pair 
matings of houseflies using the culture 
method of Hammen (1956). From these 
data it is apparent that the intermediate 
colors, designated “pinks,” should be 
grouped with the greens, and that the 
metabolic defect is inherited as a simple 
recessive. 

When the inheritance of eye color in 
Musca domestica had been elucidated to 
the extent described above, we turned to 
an examination of mutant stocks of two 
other species in our laboratory, a yellow- 
eyed Phormia regina ( Meig.), and a white- 
eyed Periplaneta americana L. The in- 
heritance of the yellow mutant in Phor- 
mia has been studied by Noland and 
Wilks (unpublished) and was found to 
be a simple autosomal recessive. Coch- 
ran of this laboratory is now investigat- 
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ing the genetics of the white eye color in 
Periplaneta. 

As pointed out by Green, the Horn and 
Jones test is much more specific for tryp- 
tophan than the Eckert method which 
also indicates such compounds as indole 
and kynurenine. This difference in meth- 
ods conveniently demonstrates that the yel- 
low Phormia has the genetic block later 
in the sequence of steps leading to pig- 
ment formation than does the green 
Musca (table 3). The yellow Phormia 
has tryptophan levels of 0.222 and 1.218 
mg./g. dry weight indicating an accumu- 
lation of kynurenine or one of its deriva- 
tives in addition to the tryptophan while 
both tests give similar tryptophan levels 
on the green Musca. Feeding tests with 
Phormia showed that both homogenized 
wild Musca adults and pupae could in- 
duce the pigment formation. In order to 
determine more exactly the genetic break 
in the synthesis of pigment in Phormia, 
Drosophila feeding experiments were 
conducted according to the method of 
Green (1955). The data in Table 2 in- 
dicates that the genetic block is before 3- 
hydroxykynurenine in the brown pigment 
synthesis since the lyophilized yellow 
Phormia supplements produce a change 
in the eye color of vermilion brown but 
not purple cinnabar. 

The white-eyed Periplaneta is still an- 
other example of a tryptophan-accumulat- 
ing mutant (table 3). Feeding tests with 
Periplaneta were conducted even though 
it was suspected that negative results 
would be obtained due to the fact that this 
insect has a gradual type of metamorpho- 
sis. 

The brown pigment of insect eyes has 
been named by several investigators of its 
chemical properties: ommatin by Becker 
(1942), insectorubin by Goodwin and 
Srisukh (1950), and fuscanine by Kik- 
kawa, Ogita and Fujito (1954). Re- 
cently some precise knowledge of struc- 
ture was contributed by Butenandt and 
Neubert (1955) who demonstrated that 
the blowfly Calliphora erythrocephala has 
an ocular pigment, xanthommatin, with a 


phenoxazone structure which can be in- 
terpreted as a result of condensation of 
two molecules of 3-hydroxykynurenine ; 
it was shown to be derived from radio- 
actively labelled tryptophan injected into 
pupae. We examined the absorption 
spectra of acidified absolute ethanol ex- 
tracts of the eyes of normal and mutant 
flies, and found that the wild-type Phor- 
mia has absorption maxima identical to 
locust insectorubin, and wild-type Musca 
is similar to locust insectorubin (table 4). 
None of the mutants has any resemblance 
to any of the locust pigments which Good- 
win and Srisukh described. In Peripla- 
neta, where tryptophan metabolism is also 
evidently involved in the formation of the 
dark eye pigment, the absorption spec- 
trum shows that the pigment is not in- 
sectorubin. 

Wagner and Mitchell (1955) summa- 
rized the information on the species of 
insects that have been shown to have ge- 
netic blocks in the tryptophan-eye pig- 
ment synthesis. The species of Diptera 
which they list represent two families, 
Drosophilidae and Rhyphidae. This in- 
vestigation has added _ representatives 
from two additional families, Calliphori- 
dae and Muscidae. Among the Hymen- 
optera both bees and parasitic wasps have 


TABLE 4. Visible and near ultra-violet absorption 
spectra of eye pigments in HCl-ethanol 


Strain \ Maxima 


Musca domestica 


wild-type 390, 460 

green 365 
Phormia regina 

wild-type 375, 460 

yellow 360 
Periplaneta americana 

wild-type * 360, 500 

white 360 
Locusta “‘insectorubin” 

(according to Goodwin 375, 460 


and Srisukh, 1950) 
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been studied, and in the order Lepidop- 
tera representatives from two families, 
Pyralidae and Bombycidae, have been in- 
vestigated genetically and biochemically. 
The orders listed thus far are groups of 
rather advanced and specialized insects, 
but our study of the American roach has 
demonstrated a tryptophan-accumulating 
white eye mutant in one of the most prim- 
itive orders of insects, the Orthoptera. 
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INTRODUCTION 


The species population is generally ac- 
knowledged to be a fundamental unit of 
evolution. The recognition of these 
groups and the adaptive significance of 
their differences are basic to the study of 
evolution on this level. This is a com- 
paratively easy task in living forms but 
is often extremely difficult in fossil as- 
semblages in which only the skeletal sys- 
tem is available for study. 

The study of living populations has 
shown that, in most instances, popula- 
tions of closely related animals can be dis- 
tinguished by statistical methods, even on 
the basis of skeletal material. The appli- 
cation of these techniques to fossil assem- 
blages should enable one to separate 
groups that can be studied by the meth- 
ods applicable to living populations. 

The present study is concerned with 
the use of regression lines to distinguish 
closely related species and with the deter- 
mination of the adaptive significance of 
the differences. Two species of North 
American iguanid lizards, Sceloporus olli- 
vaceus and Sceleporus undulatus hyacin- 
thinus, have been used because of the 
availability of information concerning the 
ecology and habits. This makes it pos- 
sible to correlate morphology with func- 
tion and ecology, and thus provide a basis 
for the interpretation of fossil samples. 

Quantitative methods useful in distin- 
guishing species having a well defined 
adult size, are not adequate for the study 


1 Partial fulfilment of the requirements for 
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on Paleozoology, The University of Chicago, 
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of the poikilothermal tetrapods. Size be- 
comes an unreliable character because 
growth continues, though at a reduced 
rate, after the animal reaches sexual ma- 
turity. Samples drawn from a population 
at different times in the life cycle will dif- 
fer both in the means and variances of 
any measurement that is related to size. 
In some cases young forms may be, and 
have been, mistaken for other species. 

Various methods have been used in at- 
tempts to avoid these difficulties, the sim- 
plest being the use of ratios, which, how- 
ever, change with growth and are subject 
to the same difficulties as size and varia- 
tion. As an illustration, frequency dis- 
tributions of both a linear measurement 
and a ratio have been constructed for the 
two species studied here (figs. 1, 2). 
The sample of S. olivaceus has a distinct 
bimodal distribution, whereas the S. un- 
dulatus sample has only one mode, which 
coincides with the first mode of the S. 
olivaceus distribution. It would be im- 
possible to separate the two species on the 
basis of size alone. 

The frequency distribution of a ratio 
(interfenestral width/total skull length) 
shows much the same picture. S. oliva- 
ceus has a bimodal distribution while S. 
undulatus has one mode, which lies be- 
tween the two of S. olivaceus. It is im- 
possible to separate the two on the basis 
of this ratio, and yet it is possible to mis- 
take the growth stages of the same species 
for two species. 

The use of regression lines or the rela- 
tive growth lines of Huxley (1932) ap- 
pears to solve some of the difficulties. 
Recent studies by Miller and Olson (un- 
published) have suggested that there are 
basic difficulties in considering a regres- 
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sion line to be a measure of relative rates 
of growth. 

Regression lines, however, do show the 
ratios of two characters at various stages 
in the ontogeny. Therefore the method 
should be useful in distinguishing species 
of cold blooded vertebrates in assem- 
blages in which one or both are repre- 
sented by reasonably complete growth 
series. 

Regression lines have been used by a 
few workers to distinguish different forms 
of cold blooded vertebrates (Olson, 1951; 
Klauber, 1938) and to demonstrate the 
probable existence of a growth series of 
phytosaurs (Colbert, 1947). The most 
extensive comparisons of two forms are 
to be found in Olson’s (1951) work, on 


20 25 30 35 40 45 50 55 60 


Trimerorhachis and Diplocaulus, and in 
Kurten’s paper on ursid teeth (1955). 
No thorough comparison of closely re- 
lated species has been made by this 
method. 


MATERIAL AND METHODS 


All specimens of both species were 
collected in Travis and Hays Counties, 
Texas. Samples drawn from an area as 
limited as this are not adequate to de- 
scribe the species over their entire ranges, 
but are probably adequate samples of the 
local populations. In this respect they 
are similar to fossil samples which are 
samples of local populations rather than 
the entire species. 

All specimens were cleared and stained 


S. undulatus 


S. olivaceous 


20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 


Both species 


20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 


Fic. 1. Frequency distributions of sizes of S. olivaceus and S. undalatus 
captured during the same period. 
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S. undulatus 


| 
S. olivaceous 
300 .400 .500 
Both species 
— 
300 .600 


Fic. 2. Frequency distributions of the ratio interfenestral width/total 
skull length. 


by the method of Davis and Gore (1936) 
to avoid distortion due to shrinkage in 
dried specimens. The terminology of the 
cranial musculature followed here is that 
of Mivart (1867). 

The measurements were taken with 
micrometer calipers calibrated to .01 mm. 
The error of the measurements varied 
from 0.5 per cent in the skull roof to 1.5 
per cent in the palatal and _ basicranial 
regions. 


MEASUREMENTS 


A workable number of measurements, 
covering all the major areas of the skele- 
ton and with special emphasis on the 
skull, were selected. In this way propor- 
tional changes with growth could be de- 
tected in all major areas. The measure- 
ments were taken on the right side of the 
specimen where possible. The following 
forty-six measurements (figs. 3-7) were 
made : 


Cranial Measurements 


(1) Midline length of premaxillary. 
(2) Midline length of nasal. 

(3) Midline length of frontal. 

(4) Midline length of pineal. 


(5) 
(6) 


(7) 
(8) 
(9) 
(10) 
(11) 
(12) 
(13) 
(14) 


(15) 
(16) 
(17) 
(18) 
(19) 
(20) 
(21) 


(22) 
(23) 
(24) 
(25) 
(26) 


(27) 
(28) 


(29) 


(30) 


Midline length of parietal. 

Total length of skull roof from snout 
to posterior edge of parietal. 
Internarial width. 

Width anterior to orbit. 

Interorbital width. 

Anterior width of parietal. 

Width of pineal. 

Interfenestral width. 

Maximum width of temporal fenestra. 
Distance from basicranial tubera to 
basipterygoid process. 

Length of palatine ramus of pterygoid. 
Length of palatine. 

Length of prevomer. 

Length of quadrate ramus of pterygoid. 
Width across basicranial tubera. 

Width across basipterygoid processes. 
Width across posterior ends of maxil- 
laries. 

Width across descending processes of 
pterygoid. 

Width across anterior part of palate. 
Toothrow width of premaxillaries. 
Length of maxillary. 

Distance from the posterior end of max- 
illary to posterior edge of quadrate. 
Length of quadrate. 

Distance from mandibular symphysis to 
top of coronoid process. 

Coronoid process to anterior edge of 
glenoid fossa. 

Total width of skull across exoccipitals. 


= 
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(31) 
(32) 


(33) 
(34) 
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Length of exoccipital. 

Medial end of exoccipital to lateral edge 
of foramen magnum. 

Width of foramen magnum. 

Width of occipital condyle. 


Postcranial Measurements 


(35) 


(36) 


(37) 
(38) 
(39) 


(40) 


(41) 


(42) 
(43) 
(44) 
(45) 
(46) 


Length of scapula along anterior edge 
from top to dorsal lip of the glenoid 
fossa. 

Length of coracoid from edge of glenoid 
fossa to posterior end. 

Length of humerus. 

Length of radius. 

Length of ilium from anterior end to 
center of acetabulum. 

Length of ischium from acetabulum to 
anterior end of ischial symphysis. 
Length of pubis from acetabulum to 
pubic symphysis. 

Width across acetabulae. 

Width of sacrum. 

Length of femur. 

Length of tibia. 

Total length from snout to anterior end 
of sacrum. 


tT 
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Fic. 3. Measurements taken on the dorsal 
surface of the skull. 


Fic. 4. Measurements taken on the palatal 
surface of the skull. 


ANALYSIS OF THE DATA 


The skeleton was divided into the fol- 
lowing units: 1) skull, 2) pectoral girdle 
and fore limb, 3) pelvic and hind limb. 
Scatter diagrams of characters from dif- 
ferent groups were plotted where func- 
tional relationships seemed probable. 

Two lines may be fitted by the method 
of least squares to each of the clouds of 
points that constitute a scatter diagram. 
The two lines differ because of the inter- 
change of the dependent and independent 
variables. A comparison of regression 
lines of the two species will give one re- 
sult when one pair of lines is used and 
another result when the other pair is 
used. Because there is little reason, bio- 
logically, to assume that one character is 
dependent or independent, this can be a 
serious source of error. The magnitude 
of this difference is dependent on the 
correlation coefficient of the two charac- 
ters. If the ccrrelation coefficient is high 
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Fic. 5. Measurements taken on the lateral part of 
the skull. 


the difference is small. As all the corre- 
lation coefficients of the characters used 
in this study are very high this error is 
negligible in most cases.* 

The lines representing the two species 
may differ in several ways, the most ob- 
vious being the form of the equations, as 


30 > 


Fic. 6. Measurements taken on the occipital 
region of the skull. 


one may be straight with the equation 
y =a+bx and the other being curved 
with the equation y = bx*. If both lines 


3 Two cases have been tested to determine the 
magnitude of difference between the F ratios 
when the dependent and independent variables 
are exchanged. In one case the F ratios are 
93 and 95 (r= .999 in each species) and the 
other F ratios are 30 and 27 (r = .999 again in 
each species). This will change the level of 
significance only in those cases in which the F 
ratio is close to the critical level (P = .01 when 
the F ratio is approximately 4.8). 


are straight, the differences may be either 
in position, represented by a, or in slope, 
b. If both are curvilinear, b is an expres- 
sion of position, and k of slope. This is 
more easily seen in the logarithmic form 
of the equation, log y = log b — log x. 

One of the problems in a study of this 
type is the choice of the type of line to be 
fitted to data. Many previous workers 
(Huxley, 1924, 1932, 1936; Hersh, 1934; 
Robb, 1932; Phleger, 1940, and others) 
have maintained that the equation y = 
bx* is the correct one. As it is doubtful 
that a regression line can be considered 
an expression of relative rates of growth, 
there seems to be little theoretical basis 
for the exclusive use of the exponential 
form of the equation. The form of the 
equation, besides being a description of 
the trend of a scatter of points, is impor- 
tant in determining the type of test that 
would be valid to determine the differ- 
ences between two lines. The form of 
the equation in the present study has been 
determined by visual inspection of the 
scatter diagrams. 

The probability that the difference be- 
tween two lines is due to sampling has 
been determined by the method of Tippet 
(1945). <A brief description of the test 
is given in the appendix of this paper. 
The difference is considered to be signifi- 
cant if P=.0l. With the sample size 
used here, the .01 level of probability is 


Fic. 7. Measurements taken on the mandible. 
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Fic. 8. Scatter diagram of interfenestral width/total length of skull roof. 
F =83.5. P=.01 when F = 4.79, 


reached when the F ratio is approxi- 
mately 4.8. 

Scatter diagrams showing various de- 
grees of difference between the two spe- 
cies were analyzed by this method. A 
scale, thus established, made it possible 
to estimate significant differences of 
other diagrams by inspection. Examples 
of scatter diagrams with the F ratios 
upon which the visual scale is based are 
shown in figures 8-10. 

Differences between species are of 
some importance in themselves, but of 
more interest from an evolutionary point 
of view is the relationship of the differ- 


ences to the environment in terms of 
adaptation. If selection is the agent re- 
sponsible for morphological adaptation it 
must act upon function, whether mechani- 
cal, physiological, or both. Since some 
skeletal ratios are directly involved in the 
mechanical functioning of the skeleton, 
and others may be indirect measurements 
of muscle size, it is not unreasonable that 
a correspondence should be found be- 
tween species differences in such propor- 
tions and species differences in ecology. 
Other skeletal characters, such as brain- 
case size, may indicate differences in 
other systems, but they are less reliable 
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SYMPHYSIS TO CORONOID PROCESS 


Fic. 9. Scatter diagram of coronoid process to glenoid fossa/symphysis to coronoid 
process. F=27.2. P=.01 when F = 4.79, 
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WIDTH ACROSS POSTERIOR ENDS OF MAXILLAE 
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Fic. 10. Scatter diagram of width across posterior end of maxillaries/total length of skull roof. 
F=0. P=.01 when F = 4.79, 


than those concerned with mechanical 
function, and are less easily interpreted. 

Growth patterns of an animal are 
adaptive in the sense that they produce 
an adult that is adapted to a given envi- 
ronment. They are also adaptive as they 
influence proportional changes to produce 
an optimum condition at each ontogenetic 
stage. 

A regression line is an expression of a 
progression of ratios through ontogeny. 
If the regression lines differ, the progres- 
sion of ratios also differ. It is possible to 
determine, by comparison of regression 
lines of two characters in two species, 
which character is proportionately larger 
in each species. It should be possible to 


interpret proportional differences ob- 
tained in this way, in terms of functional 
adaptations to differences in the environ- 
ment. 


MorRPHOLOGICAL COMPARISONS 


The results of the comparisons of the 
regression lines are given in tables 1 to 6. 
In many instances the regression lines of 
the two species differ significantly. The 
number of cases in which the difference is 
large enough to cause complete separation 
of the two clouds of points is small. 
These cases, however, express the magni- 
tude of differences upon which a separa- 
tion of fossil bones could be founded if no 
other basis for separation is available. 
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TABLE 1. Dorsal surface of the skull 


Parietal L. 
Max. W. 

Ant. Orbit 
Ant. W. 
Parietal 
Interorb. W. 
Internar. W. 
Interfenest. W. 
Pineal L, 
Total W. Skull 


Premax. L 
~* | Nasal L. 
: | Pineal W. 


Premax. L. 
Nasal L. 


N 


| Frontal L. 


N & 


2 | Total L. Skull 


. Frontal L. a a a S | ob a | tee 
Parietal L. | | | a | S| b 
Ant. W. Parietal eee eee cee cme) we eee a a b |e a 
Internar. W. gee eee eee a 
Total W. Skull ere a 
W. Temp. Fenestra eee eee eee eee eee eee eee eee eee eee tee | 


Legend for tables 1-6: a—Significant difference in position of lines. b—Significant difference in 
slope of lines. Italicized a or 6 indicates character in the top column headings relatively larger in S. 
: undulatus, roman a or b indicates character in the side column relatively larger in S. undulatus. 
c—Regression lines curvilinear. S—No significant difference in lines. 


TABLE 2. Ventral surface of the skull and mandible 


° ° 
a : oa] sirfisis = 
W. Ant. Part of S S eee} S]S]---| S | 
FF Palate | 
W. Desc. Proc. of eee a swe | ate S S 
Pt. 
W. Post. end Max. eee a a S a S S 
W. Basipt. Proc. a Ss a 
W. Basicr. Tubera | --- |---| b 
Basipt. Proc. | | | 
Basipt. Proc. to «68 | S S| S ese S 
— Ant. end Pt. | | 
L. Prevomer eee cee eee eee $ee see] cee eee S 
L. Quad. R. Pt. tee | ee sit 
Toothrow L. eee eee eee eee eee see see eee S 
Premax | | 
L. Max eee eee eee eee a a a 
Post. end Max. to eee eee eee ese eee cea eos boss S a 
Post. Edge Qd. | 
_ Cor. Proc. | 
Cor. Proc. to eee eee eee eee eee eee eee eee seal a 
— Glenoid Fossa 
— Total L. Skull 
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TABLE 3. Occipital region of the skull 


Total L. L. of 


Med. end 
Exoce. to W. Occip. W. Foramen W. Basicr. Total W. 


Skull Exoccipital For. Mag. Condyle Magnum Tubera Skull 


Total L. Skull a 
L. of Exoccipital 


Med. end Exocc. to 
For. Mag. 

W. Occipital Condyle 

W. Foramen Magnum 

W. Basicr. Tubera 

Total W. Skull 


S S a b b 
S a b 


c c 


Cranial Differences 


In the skull (tables 1-4), some pairs of 
characters are directly involved in masti- 
cation and head orientation. In general, 
the species differences in these charac- 
ters are greater than in the others. 

One group of differences in the skull 
concerns measurements of the various 
dimensions of the temporal fossa. They 
are: 

(1) Width of the temporal fenestra 
against total length of the skull roof. 
The width of the temporal fenestra is the 
width of the upper end of the temporal 
fossa, and is wider relative to skull length 
in S. undulatus. 

(2) Distance from the posterior end 
of the maxillary to the posterior edge of 
the quadrate against total skull length. 
The distance from the posterior edge of 
the maxillary to the quadrate is a meas- 
ure of the antero-posterior length of the 
temporal fossa. It is proportionately 
longer in S. undulatus. 

(3) Width of the basipterygoid proc- 
ess against total length of the skull. The 
width across the basipterygoid processes 


is a measure of the distance between the 
temporal fossae, and is smaller in S. un- 
dulatus at a given skull length. 

(4) Width of the basipterygoid proc- 
ess against width of the posterior end of 
the maxillary. The width of the posterior 
end of the maxillary expresses the width 
of the skull at the anterior edge of the 
temporal fossa. This ratio then is an 
expression of the thickness of the adduc- 
tor muscle mass at this point. The width 
of the basipterygoid processes is propor- 
tionately smaller in S. undulatus. 

(5) Length of the quadrate ramus of 
the pterygoid against total length of the 
skull roof. The quadrate ramus of the 
pterygoid is the postero-medial border of 
the ventral part of the temporal fossa. It 
is longer with respect to skull roof length 
in S. undulatus. 

(6) Width of the descending process 
of the pterygoid against the width of the 
posterior end of the maxillary. This 
ratio is another expression of the lateral 
width of the temporal fossa. The width 
across the descending processes of the 
pterygoid is narrower with respect to the 


TABLE 4. Width measurements in the anterior end of the skull roof 


Interfenest. Internar. Ant. W. Max. W. Ant. Interorb. + W. For. 
Ww. Ww. Parietal to Orbit Ww. Mag. 
Interfenest. W. a a a a a 
Internarial W. a a a a 
Ant. W. Parietal a a S 
Max. W. Ant. to Orbit a S 
Interorb. W. S 
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width across the posterior end of the 
maxillary in S. undulatus. 

The differences between the regression 
lines listed above show that S. undulatus 
possesses a temporal fossa which is 
larger, relative to other measurements, in 
several dimensions than that of S. oliva- 
ceus. The temporal fossa is almost com- 
pletely filled with the adductor muscles of 
the mandible. The area between the lat- 
eral wall of the braincase and the tempo- 
ral bar is occupied by the various parts 
of m. adductor mandibulae medius, which 
arise from the dorsal edges of the tempo- 
ral fossa, the pro-otic, and the epiptery- 
goid, and insert into the coronoid process 
and the dorso-medial edge of the man- 
dible posterior to the coronoid process. 
None of the measurements can be related 
to any of the separate parts of the muscle 
mass, or to the external adductor, which 
arises from the temporal bar and inserts 
into the dorso-external edge of the man- 
dible from the coronoid process to the 
glenoid fossa. 

M. adductor mandibulae medius of S. 
undulatus is both thicker and wider in 
proportion to skull length than that of S. 
olivaceus. The length of the quadrate, 
with respect to the measurements of the 
temporal fossa, is always relatively longer 
in S. olivaceus, but shows no difference 
with respect to skull roof length. This 
indicates that the primary difference in 
the musculature of the two species is in 
the lateral and antero-posterior dimen- 
sions. 

Two ratios in the skull roof are corre- 
lated with this difference in muscle size 
and may have adaptive significance : 

(1) Length of pineal against length of 
the parietal. The parietal is relatively 
longer in S. undulatus. 

(2) Width of pineal against the ante- 
rior width of the parietal. The anterior 
width of the parietal is relatively larger 
in S. undulatus. The result is a longer 


plate of bone over the braincase and a 
longer sutural attachment between the 
frontal and parietal, resulting in a rela- 
tively stronger skull in S. undulatus. 


Two measures taken on the mandible, 
the distance from the symphysis to the 
coronoid process, and the distance from 
the coronoid process to the glenoid fossa, 
show highly significant differences. The 
posterior segment of the mandible is rela- 
tively longer with respect to the anterior 
one in S. undulatus. 

Functionally, the lower jaw acts as a 
lever with the fulcrum at the glenoid 
fossa and the force applied from the cor- 
onoid process to the glenoid fossa. A 
jaw with a long posterior segment is able 
to exert more force at the anterior end 
than one with a short posterior segment, 
because of the increased mechanical ad- 
vantage. A jaw with a long anterior 
segment and a short posterior segment 
cannot exert as great a force, but pro- 
duces a faster jaw closure. The above 
statements apply, of course, only if the 
muscle action is the same in each case. 
S. undulatus, with the relatively longer 
posterior jaw segment, should have the 
stronger jaw action and S. olivaceus, with 
the relatively longer anterior segment, the 
faster jaw closure. 

Another group of differences is cen- 
tered in the occipital region and is di- 
rectly concerned with head orientation 
(table 3). The following regression lines 
involve measures of the insertions of the 
cervical muscles : 

(1) Total length of the skull roof 
against the length of the exoccipital. The 
exoccipital is longer with respect to total 
skull roof length in S. undulatus. 

(2) Total width of the skull roof 
against the length of the lateral process 
of the exoccipital. Here again the exoc- 
cipital is proportionately longer in S. 
undulatus. 

(3) Total width of the skull roof 
against total length of the skull roof. S. 
undulatus has a proportionately wider 
skull in the occipital region than S. oli- 
vaceus, 

(4) Total length of the skull roof 
against width of the basicranial tubera. 
The width of the basicranial tubera, in 
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proportion to the skull roof length, is 
greater in S. undulatus. 

The above differences all show that S. 
olivaceus possesses a relatively narrower 
occipital region, and that the difference is 
in the length of the lateral process of the 
exoccipital. This conclusion is supported 
by the fact that the diameter of the fora- 
men magnum is relatively greater in S. 
olivaceus. 

The occipital region is the site of the 
insertions of the neck muscles, which 
move the head. M. complexus minor in- 
serts into the exoccipital. M. spinalis 
colli inserts into the fossa between the 
supraoccipital and parietal processes. M. 
rectus capitus anticus major inserts into 
the basicranial tubera. The other cervical 
muscles insert into the supraoccipital 
process or the posterior edge of the pari- 
etal. 

The relative shortening of the lateral 
processes of the exoccipitals, with the 
consequent relative narrowing of the oc- 
cipital region of the skull and the decrease 
in the width across the basicranial tubera, 
which is found in S. olivaceus, has the 
effect of bringing the insertions of all the 
cervical muscles closer together. The 
skull may be considered a lever with the 
fulcrum at the occipital condyle, the force 
applied to the exoccipital and basicranial 
tubera, and the resultant movement at the 
anterior end of the skull. When the in- 
sertions of the cervical muscles are 
brought closer to the midline they are 
brought closer to the fulcrum and the 
power arm of the lever is shortened. S. 
olivaceus, in which the insertions of the 
cervical muscles are closer to the mid- 
line relative to skull length, should be 
able to turn the head faster than S. un- 
dulatus. Here, as in the case of the 
mandible, the muscle action must be the 
same in each case for these remarks to 
apply. 

The differences described above are 
but a few of the total number of the sig- 
nificant differences found in the skull. 
The remaining ones are considered to be 
secondary results of these primary dif- 


ferences. The elongation of the temporal 
region in S. undulatus will be reflected in 
ratio differences in many other areas of 
the skull provided that elongation in these 
areas does not occur as well. The differ- 
ences in the ratios involving the length of 
the parietal and other length measure- 
ments of the skull roof are examples. 
Other differences of this type are also 
found in the palatal region. 

There is a gradual decrease in the num- 
ber of significant differences in length 
measurements toward the anterior end of 
the skull. The correlation coefficients be- 
tween the variables in this region are 
lower than in other regions. According 
to Olson and Miller (1951) this implies 
a lower level of functional and/or devel- 
opmental integration between these ele- 
ments. This is a reasonable interpreta- 
tion in this instance, for it is doubtful 
that the lengths of the various bones of 
the anterior region of the skull have much 
importance beyond contributing to the 
over-all length of the skull. 

The trend toward a decrease in species 
differences in the anterior part of the 
skull roof that is seen in the length meas- 
urements does not occur in the width 
measurements (table 4). The greatest 
number of differences involve the inter- 
fenestral width, which is relatively greater 
in S. olivaceus with respect to all other 
width measurements. Next in order is 
the internarial width, which is relatively 
wider in S. olivaceus with respect to all 
other width measurements except inter- 
fenestral width. The interfenestral width 
and the internarial width are both meas- 
urements of the width of the central nerv- 
ous system. As the measurements be- 
come less closely related to the nervous 
system, the number of differences de- 
crease and the differences lessen. This 
suggests that the width differences be- 
tween the species in the dorsal surface of 
the skull are due to a width difference in 
the central nervous system. The only 
difference in the occipital region that fol- 
lows this pattern is the width of the 
foramen magnum. The others, such as 
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the length of the exoccipital and the 
width of the basicranial tubera, show the 
opposite, for they are relatively larger in 
S. undulatus. These measurements are 
probably influenced much more by their 
functional relationship to the cervical 
muscles than by their topographical 
proximity to the nervous system. 

The interorbital width, which would 
be fairly closely related to the brain, 
does not fit in too well. It is possible 
that S. olivaceus, being arboreal, has rela- 
tively larger eyes, thus exerting a counter 
influence on this measurement. No data 
are available on the size of the eyes, but 
the sense of sight is usually more impor- 
tant in arboreal animals than terrestrial 
ones. 

Olson (1953), using correlation coeffi- 
cients, has found a similar situation in the 
skull roof of the Paleozoic amphibians 
Diplocaulus and Trimerorhachis. <A 
group of measures which are highly cor- 
related with one another are closely as- 
sociated with the central nervous system. 


PosT-CRANIAL DIFFERENCES 


The differences in the post cranium are 
much more difficult to interpret. The 
mechanical arrangements in the limbs 
and girdles and the functions of these 
structures are more complicated than 
those in the skull. A detailed mechanical 
analysis would be required to obtain a 
complete picture of the adaptive differ- 
ences between the two species. Some of 
the more obvious differences, however, 
can be interpreted in general terms. 

The only significant differences are in 
the lines which involve the length of the 
humerus (table 5). The humerus is pro- 


portionately longer in S. olivaceus, with 
respect to all other measurements in this 
area. 

There are many more differences in 
the pelvic region (table 6), most of which 
involve the length of the femur and 
ischium. The femur is relatively shorter, 
and the ischium is relatively longer in S. 
undulatus, with respect to most of the 
other measurements. No instances of 
sexual dimorphism have been found in 
this region or in any other region in these 
species. Many of the regression lines in 
this region are curvilinear, which results 
in a very rapid divergence of ratios with 
increasing size of the animals. 


EcoLoGiIcAL COMPARISONS 


The preceding section has shown the 
existence of differences between S. oliva- 
ceus and S. undulatus in regression lines 
of pairs of characters that are directly in- 
volved in such functions as mastication 
and head orientation. The environments 
of the two species provide a basis for in- 
ferring the adaptive significance of the 
morphological differences. 

The two species of Sceloporus live in 
the same geographical area, but are eco- 
logically separated. The specimens have 
been collected from four ecological situa- 
tions : 


(1) Large trees. An area in which 
live oak (Quercus virginiana) and elm 
(Ulmus americana) trees reach a height 
of 20-30 feet. It is well shaded with a 
high humidity. 

(2) Small oaks. An area of second 
growth live oaks ranging from three to 
six inches in diameter and 12-15 feet tall. 


TABLE 5. Forelimb and pectoral girdle 


Humerus L. Radius L. Scapula L. Coracoid L. Total L. 
Humerus L. a b b b 
c c Cc 
Radius L. S S S 
Scapula L. S S 
Coracoid L. S 
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TABLE 6. Hind limb and pelvic girdle 


Femur Tibia Ischium Pubis W. of Ilium Ww. Total 
L. L. L. L. Acetubulae L. Sacrum Length 
Femur L. a b b b b b b 
c c c c c c 
Tibia L. b S b 
c c 
Ischium L. b S b b a 
c c c 
Pubis L. b S S S 
W. of Acetabulae S S S 
Ilium L. S S 
W. Sacrum S 
Total Length 


It is much more open, with lower humid- 
ity, than the large tree situation. 

(3) Ground. Clearings in which the 
only vegetation is grass with logs, stumps 
and some low brush. 

(4) Fence post. Open fence lines 
along fields. Most similar to small oak 
situation but more open. 

As is shown by table 7, S. undulatus 
prefers a terrestrial environment with ele- 
vated objects. Only 2.7 per cent of this 
species were collected from large oak or 
elm trees, and no others were seen in 
this situation. 

Most of the young S. olivaceus (up to 
14 maximum length) were collected from 
the same areas occupied by S. undulatus. 
However, there is a tendency for the 
young S. olivaceus to spend more time on 
elevated objects. The large S. olivaceus 
overwhelmingly prefer the large trees. 
This ecological shift during ontogeny is 
actually more striking than the figures 
indicate for many of the S. olivaceus clas- 


sified as small have reached the stage at 
which the shift begins and have moved 
into a fairly large tree. 

Although separation is not absolute, 
since the two species do overlap, the dif- 
ference is certainly highly significant. 
Coloration and behavior provide other 
evidence that the two are adapted to dif- 
ferent ecological niches. The dorsal col- 
oration of S. olivaceus is grey with dark 
transverse bars that blend exceedingly 
well with the bark of the oak and elm 
trees. S. undulatus is brown or bronze 
with darker cross bars on the back; as a 
consequence, they are very difficult to de- 
tect among dead leaves. The behavior 
differences are striking. S. undulatus 
when pursued, usually moves down, to- 
ward the ground, and takes refuge in a 
hole or under a log, whereas S. olivaceus 
almost invariably moves up, toward the 
top of the tree. 

These two different niches would be 
expected to exert different selection pres- 


TABLE 7. Habitat occurrence of each species 


Large trees Small oaks Fence posts Ground Total 
No. Per cent No. Per cent No. Per cent No. Per cent No 
S. undulatus 2 2.67 30 40 15 20 28 37.4 75 
Small S. olivaceus 13 38.2 2 5.9 17 50 2 5.9 34 
(up to $ max. 
length) 
Large (over } 63 95.5 1 1.51 -* * 2 3.2 66 
max. length) 
Total olivaceus 76 76 3 3 17 17 4 4 100 
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TABLE 8. Classification of prey 


Integumentary hardness Activity 
H I L A I P 
wasp grasshopper beetle larva wasp beetle larva caterpillar 
pentatomid caterpillar grub grasshopper grub 
hymenopteran ant spider hymenopteran pentatomid ant 
carabid chrysomelid hymenopteran carabid spider weevil 
weevil cricket larvae cricket chrysomelid termites 
tenebrionid buprestid adult lepidoptera _ buprestid tenebrionid hymenopteran 
coreid coccinellid phalangid coreid coccinellid larvae 
scutellarid cicindelid (large) cicindelid roach 
scarab roach termites acanthocephala _—_cantharid 
long horn cantharid adult lepidoptera 
elaterid acantho- iong horn scutellarid 
bee cephala ichneumonid phalangid 
ichneumonid elaterids (large) 
mivid bees scarab 
mivid 


sures on the two species in many differ- 
ent ways. The difference in the substrate 
on which the animals live necessitates a 
difference in locomotion, and a conse- 
quent modification of the morphology to 
give maximum efficiency in each situation. 

The food sources would be expected to 
differ in the two situations and thus exert 
a selective pressure on the dentition, skull 
proportions, jaw muscles, and digestive 
system to produce maximum efficiency 
for each type of diet. 

The physical characteristics of the prey 
animals such as integumentary hardness 
and ability to avoid capture are of pri- 
mary importance, if the diet is to exert a 
selective influence on the jaw apparatus. 

Hotton (1955) has proposed a classi- 
fication of prey animals of lizards with 
respect to each of these characteristics. 


He has set up three degrees of integu- 
mentary hardness, hard (H), intermedi- 
ate (I), and light (L), and three degrees 
of activity, active (A), intermediate (I), 
and passive (P). Mr. R. L. Wenzel has 
suggested changes in the activity classifi- 
cation, and these are followed here (table 
8). 

The most accurate analysis of diets 
should consider the volume or mass of 
each prey animal in order to determine 
its actual contribution to the total amount 
of food of the predator. Three measure- 
ments have been taken of each prey ani- 
mal and the volume calculated from them. 
There are errors in this method, due to 
shape, but it is much more accurate than 
merely the use of frequencies of each type. 

A serious source of error in diet stud- 
ies is the seasonal variation in the diets, 


TABLE 9. Stomach content percentages 


A I P H I L 

S. olivaceus 67.8% 7.7% 24.6% 18.95% 59.2% 22.8% 
(large) 

S. olivaceus 52% 15.8% 31.8% 16.14% 56.6% 27.2% 
(small) 

S. undulatus 46% 17% 37% 14.24% 77.8% 7.77% 
hyacinthinus 

S. olivaceus 66.5% 11% 25.2% 18.7% 58.1% 23.1% 


(total) 
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caused by seasonal occurrence of food 
animals. This error is believed to be 
relatively small in the case of S. olivaceus 
since the lizards were collected from May 
to September. This is a considerable 
portion of the period in which these ani- 
mals are active. The sample of S. undu- 
latus was collected from July to Septem- 
ber and the error may be larger. 

The results of the analyses of the stom- 
ach contents are given in table 9 in terms 
of percentage of each category. The two 
characteristics, hardness and activity, are 
considered separately. The sample of S. 
olivaceus has been divided into two 
groups, one containing the small individ- 
uals up to 50 per cent of the maximum 
size of the species, and the other the large 
individuals. This was done to determine 
the effect of change in habitat on the diet. 

The percentage differences between the 
groups have been tested for significance. 
The difference is considered to be signifi- 
cant if P =.01, and probably significant 
if P= .05 (table 10, 11). 

The comparison of the total samples of 
the two species (table 10) shows differ- 
ences which are probably significant 
(P < .05) in one class for activity (A), 
and in two for integumentary hardness 
(L) and (I). S. olivaceus eats more ac- 
tive and lighter bodied insects than S. 
undulatus. 

The comparison of the sample of large 
S. olivaceus with S. undulatus (table 11) 
shows only one difference (A) at P < .05. 
The two classes (1) and (L) which differ 
significantly in the comparison of total 


TABLE 10. Dietary comparisons of total 
S. olivaceus with S. undulatus 


S. olivaceus S. undulatus P 
(Total) 

A 66.5% 46% 2.18 .05 
I 11 17 eae ise 
P 25.2 37 

H 18.7 14.24 61 ore 
I 58.1 77.8 2.13 05 
L 23.1 7.77 2.04 05 


TABLE 11. Dietary comparisons of large 
S. olivaceus with S. undulatus 


S. olivaceus S. undulatus P 
(Large) 

A 67.8 46% 2.16 05 
I 7.7 17 0.65 . 
P 24.6 37 .093 

H 18.95 14.24 .077 tee 
I 59.2 77.8 1.94 .05 
L 22.8 7.77 1.97 .05 


samples do not differ in this test. The 
percentage differences are almost exactly 
the same in both cases. It is almost cer- 
tain that the reason for this change in 
significance is the smaller sample size 
used in the latter comparison. 

The two samples of S. olivaceus show 
no significant differences in the diets. 

Comparison of the sample of young S. 
olivaceus with S. undulatus (table 12) 
shows no significant differences with re- 
spect to activity, and difference at the .05 
level in the (L) class. S. undulatus eats 
less light bodied insects than the young 
of S. oltvaceus. 

The diet of the young S. olivaceus is 
closer to that of the adult S. oltvaceus, 
which occupies a different niche, than to 
the diet of S. undulatus, which appears 
to occupy the same habitat. The diet of 
S. undulatus contains fewer light bodied, 
active insects. There are two possible 
reasons for this: 

(1) It may be an indication of subtle 
difference in the ecology of S. undulatus 
and the young of S. olivaceus. The 
young of the latter species tend to spend 
more time on elevated objects where they 
have more chance to capture flying in- 
sects. 

(2) A few of the young S. olivaceus 
may have already moved into an arboreal 
niche. 

The apparent similarity of the diets of 
the two species in many of the classes 
may be due to the limited number of 
classes used in the classification of prey 
animals. The classes divide hardness 
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TABLE 12. Dietary comparisons of small 
S. olivaceus with S. undulatus 


S. olivaceus S. undulatus d/oa P 
(Small) 
A 52% 46% 
I 15.8 
P 31.8 37 
H 16.14 14.24 21 
I 56.6 77.8 1.25 wee 
L 27.2 7.77 2.09 .05 


and activity into three units. The insects 
which are classified (H) are not all 
equally hard, but vary over a consider- 
able range. There is no assurance that 
the mean hardness within this class is the 
same in both species. This, of course, 
applies to all classes. 

The sizes of both the prey and the pred- 
ator are important in this type of study, 
especially when comparisons are made be- 
tween animals of different size. A large 
lizard is much stronger than a small one, 
while a large insect with the same integu- 
mentary thickness as a small one is easier 
to crush. Both of these factors act in the 
same direction. 

Degree of damage of prey animals has 
been examined in an attempt to determine 
whether there is any difference in the way 
food is handled by the predators. Al- 
though the data are not satisfactory, they 
indicate that there is no difference be- 
tween the species. The larger lizards, as 
might be expected, damage the prey more 
than the smaller ones. 


CORRELATION OF MORPHOLOGY 
AND ECOLOGY 


A correlation of the morphological and 
ecological data most satisfactorily com- 
pare the adaptions of the two species. 

The major differences between the two 
species in the areas of the skull involved 
in mastication can be summarized as fol- 
lows : 

(1) S. undulatus has the larger and 
presumably more powerful temporal mus- 
culature for its size. 


(2) S. undulatus has the relatively 
longer posterior segment of the mandible, 
which results in a stronger closing action 
of the jaw. 

(3) S. undulatus has the smaller pari- 
etal opening, which results in a stronger 
skull roof in the area in which the adduc- 
tor muscles of the mandible arise. 

These differences correlate well with 
the differences in the diets of the two spe- 
cies. The diet of S. undulatus is com- 
posed of more hard bodied and slower 
moving insects than that of S. olivaceus 
(which contains more light bodied, fast 
moving forms). It is obvious that a 
form with a longer power arm in the jaws 
and more powerful muscles would be bet- 
ter able to subdue hard bodied insects 
than a form which lacks these characters. 
Alternatively, a lizard that copes with 
fast moving, light bodied insects does not 
need the powerful bite, but needs a fast 
snap at the end to catch the insect. 

The differences in the proportions of 
the occipital region may also be correlated 
with the differences in diet. S. oltvaceus 
has a proportionately narrower occipital 
region, which brings the insertions of the 
cervical muscles closer to the midline. 
Mechanically this gives S. olivaceus the 
ability to swing the snout faster than un- 
dulatus. This should enable S. olivaceus 
to capture fast-moving insects more 
easily. 

The post-cranial differences can be re- 
lated to ecological differences in much 
the same way. S. undulatus has elon- 
gated the distal segments of both limbs 
relative to the proximal segments. This 
increases the speed advantage of the leg. 
This is commonly seen in fast running 
terrestrial types. Fifteen specimens of 
Holbrookia texana, an exclusively terres- 
trial type, and a very fast runner, have 
been x-rayed and the limbs measured to 
check this trend. They showed this 
elongation of the distal segment to a 
much greater degree than either species 
of Sceloporus. The elongation is greater 
in the hind limb, which supplies the pro- 
pulsive force. 


; ‘ 
4 
{ 
{ 
| 
| 
¥ 
y 
i 
4 
— 
— 
4 
. 
4 


SKELETAL ADAPTATIONS IN SCELOPORUS 81 


The significance of the elongation of 
the ischium in S. undulatus is not known. 
It may be involved in the change of the 
limb segment ratios. Although no sex 
differences in the pelvis have been found, 
the elongate ischium may serve to en- 
large the pelvic opening through which 
the eggs pass in females. The eggs of the 
two species are approximately the same 
size while the sexually mature females 
differ in size, thus difference in pelvic 
proportions would not be unexpected. 

It is believed that these differences in 
morphology, which are correlated with 
ecological differences, represent adapta- 
tions to the differences in the environ- 
ment. The differences in morphology 
and ecology are small, but are believed to 
be real. Large morphological differences, 
which are correlated with large environ- 
mental differences, are considered to be 
adaptive and it is probable that they 
began as much smaller ones similar to 
those considered here. 

The reasons for the initial separation 
of S. olivaceus and S. undulatus are not 
known. The differences described here 
are secondary adjustments, resulting 
from initial ecological separation, and 
from different selection pressures in the 
two environments. This, then, is an ex- 
ample of adaptive differences in morphol- 
ogy at a very low taxonomic level. 


SUMMARY AND CONCLUSIONS 


The skeletons of growth series of two 
species of North American iguanid liz- 
ards, Sceloporus olivaceus and Sceloporus 
undulatus hyacinthinus, have been studied 
to determine the extent and magnitude of 
species differences, and the adaptive sig- 
nificance of these differences. Sampling 
errors in the comparison of growth series 
by the usual statistical methods have been 
avoided by the use of regression lines. 
Scatter diagrams of pairs of characters 
have been prepared and regression lines 
have been fitted to the clouds of points by 
the method of least squares. The regres- 
sion lines of the two species have been 


tested for significant differences by an 
analysis of variance. 

The major species differences in the 
skull are concerned with mastication and 
head orientation. Another set of differ- 
ences is related to the central nervous 
system. The post-cranial differences are 
in the limb proportions. 

The differences in morphology corre- 
late well with ecological differences such 
as diet and habitat. The species with the 
larger jaw musculature eats a higher per- 
centage of heavy bodied insects. The ter- 
restrial species has the relatively longer 
distal limb segment. 

The use of regression lines makes it 
possible to distinguish, on the basis of 
skeletal material, closely related species 
of reptiles that are represented by growth 
series. In paleontological studies this 
method should be useful in distinguishing 
“species,” which are more comparable to 
neozoological species. 

The use of the regression line as an 
expression of ratios, makes it possible to 
detect morphological differences that are 
related to function. In the two species 
considered here, these morphological dif- 
ferences can be correlated with ecological 
differences in such a way as to indicate 
that they are the result of adaptations to 
different environments. By analogy it 
should be possible to obtain information 
on ecological differences in fossil forms. 
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APPENDIX 


The test used to determine significant differ- 
ences between regression lines was taken from 
Tippet (1945). The test and its application to 
paleontological studies are described in detail by 
Olson and Miller (1951). 

Two tests are used, one for difference in slope, 
and one for coincidence of lines. Each test con- 
sists of an analysis of variance in which the re- 
sults are expressed in terms of an F ratio. In 
the test for coincidence of lines, the F ratio is the 
ratio of the residual variance of y when a line is 
fitted to each sample separately (best estimate). 
The best estimate is obtained from the following 
equation: 4 


A (x1 —X1) (yi Fi) 
z 


> (x1 —x,)? 
7 

(2 (x2—X2) (y2—F2) ? 
2 — (1) 


> (x2— 
1 


divided by degrees of freedom 
= N, + Nez — 2x X (no. of samples). 


The residual variance of y when one line is fitted 
to both samples is obtained from the following 
equation: 


(2 (xe —Xt) (ye—Fe) 
—eq. (1) (2) 


Fe)? 
1 a 
2 (xe—Xt)? 
1 
4 Where x:, yi: and x2, y2 are the variables of 


samples 1 and 2; Ni, Ne size of samples 1 and 2. 
Xt, Yt are variables of the combined samples. 


divided by degrees of freedom = 2X (no. of 


eq. (2) 

samples)— 2. Thus F wy 

The F ratio in the test for difference in slope 
is the ratio of (1) the residual variance in fitting 
lines with the same slope to each sample to (2) 
the best estimate. An independent estimate of 
residual variance in fitting one line to all points 
(equivalent to fitting a series of parallel lines) 
is given by: 


> (x2 X2)? 


(x1 —Xi)? 
(2 (v1 — 1) +3 
(3) 
(x1 —X1)? +2 (x2—Xe)? 
1 1 


Divided by degrees of freedom = no. of 


samples—1.F = a . The best estimate of 
the residual variance of the samples is equal to 
or smaller than the other estimates. Prob- 
abilities may be obtained from tables of F. 

This test is based upon two assumptions: 


(1) The distribution of the dependent variable 
for any value of the independent variable is 
normal. 

(2) The residual variance of the deviations of 
y from the regression line is the same, within a 
certain standard error, in the two samples. 


Inspection of the scatter diagrams shows that 
the distribution of y for any value of x is approxi- 
mately normal. There is a concentration of 
points close to the line, and a few farther away. 

The second assumption, that of equal residual 
variance of y in the two samples, is less clearly 
shown by the scatter diagrams. However, 
closely related groups would be expected to show 
approximately equal variances. Examination of 
the scatter diagrams shows that the clouds of 
points have much the same width and distribu- 
tion. If the two samples did not have equal 
residual variance a problem of biological inter- 
pretation arises. 

Little is known about the consequences for 
analysis of variance tests when these assumptions 
are not satisfied. According to Cochran (1947), 
empirical evidence suggests that considerable 
deviation from normality is necessary to cause 
an appreciable change in the results of the F test. 
Unequal variances show more effects on these 
tests, and result in a loss of sensitivity. The F 
test seems to be the least affected of all the 
analysis of variance tests. 


; 
' 
~ 
NB 
+ 4 
y 
al 
Y 
sg 
| 


SKELETAL ADAPTATIONS IN SCELOPORUS 83 


In the present study it is probable that the 
distribution of y about the regression line is 
sufficiently close to normal for the application of 
the test. Any errors due to inequality of residual 
variances will be conservative, that is, there will 
be a failure to detect significant differences due 
to the loss of sensitivity of the test. 
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INTRODUCTION 


Chromosomal polymorphism exists in 
many populations of Drosophila to assist 
the species in making adaptive responses 
to environmental diversity (da Cunha, 
1955; Dobzhansky, 1955). Each chro- 
mosomal arrangement possesses groups 
of genes organized by selective forces to 
produce an adaptive phenotype either by 
itself or in combination with other ar- 
rangements of the same chromosome 
(“coadaptation”). A well adapted Dro- 
sophila population may respond to fluc- 
tuations in environmental conditions by 
altering its net gene pool, that is either 
by changing the frequencies of chromo- 
somal arrangements or by redistributing 
the genic contents of any chromosomal 
unit. Apparently chromosomal frequency 
responses assist the species in exploita- 
tion of seasonal changes as well as geo- 
graphic variation. It has been shown 
that such a gene pool responds rapidly 
with precision of determination when con- 
fronted with any laboratory environmen- 
tal complex differing in not too great de- 
gree from its native complex. On the 
contrary an artificial population con- 
trived by mixing individuals descended 
from diverse populations is not predict- 
able as the outcome of its responsive 
changes (Dobzhansky and Pavlovsky, 
1953; Dobzhansky, 1954). In this latter 
population the gene pool is unique with 
no recent selective history ; in some cases 
chromosomal arrangements may become 
coadapted, in other cases they may not, 


1 The research reported here has been carried 
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evidently depending on chance. Where 
a new coadaptation becomes established, 
the chromosomal adaptive values are 
markedly altered within a few genera- 
tions, a process which must involve the 
second of the above responses, namely re- 
distributing genic contents of chromoso- 
mal units. 

Adaptive values of chromosomal vari- 
ants taken from any particular wild popu- 
lation can be altered by many physical 
and biological factors: temperature, hu- 
midity, food microorganisms, and popula- 
tion density (Birch, 1955; da Cunha, 
1951; Levitan, 1951; Spiess, 1950). The 
genetic constitution of the members of a 
population might also participate in the 
modification of adaptive values. Lewon- 
tin (1955) has shown larval viability to 
be modified by the presence of different 
genotypes in the same culture with cer- 
tain particular strains of D. melanogaster. 
Levene, Pavlovsky, and Dobzhansky 
(1954) demonstrated that the sequence of 
adaptive superiority for karyotypes of the 
Standard, Arrowhead, and Chiricahua 
arrangements in D. pseudoobscura de- 
pended upon the number and kind of 
competing arrangements in the popula- 
tion. Evidence that chromosomal adap- 
tive values may be modified by the 
presence as well as the frequency of an 
arrangement is reported in this paper. 
Undoubtedly we shall discover in future 
that these adaptive values are far more 
sensitive than we have imagined. 

Experimental populations testing for 
relative adaptive values of chromosome ITI 
arrangements from Drosophila persimi- 
lis were initiated for four reasons: 1) 
Spiess (1950) had shown these arrange- 
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ments to be adaptive under laboratory 
conditions at 16° C., but a more exten- 
sive analysis using flies from new locali- 
ties for comparison with other popula- 
tions of the Yosemite transect was 
needed; 2) rare inversions had not yet 
been tested together or in triple combi- 
nation with the common arrangement 
(Whitney) ; 3) it was desirable to com- 
pare adaptive values obtained when two 
inversions compete with those when three 
occur in a population; and 4) a demon- 
stration of adaptive values was sought to 
accompany other studies on physiological 
properties of these arrangements (Spiess 
and Schuellein, 1956). 


MATERIALS AND METHODS 


D. persimilis was collected in 1953 
from a locality in Yosemite National 
Park, a lodgepole pine forest at 8,000 ft. 
elevation near a pond at the intersection 
of White Wolf Lodge road with Tioga 
Pass road. In a sample of about one 
hundred and fifty females the following 
frequencies of third chromosome arrange- 
ments were found: Whitney 87%, Kla- 
math 7%, Mendocino 3%, Standard 2%, 
Sequoia 1%. Only the first three have 
been used in this work. 

Between 500 and 1,000 homokaryotype 
flies representing four different strains of 
each arrangement (eight different strains 
per cage) descended from the White 
Wolf sample initiated each population. 
Population cages of the plastic type with 
dimensions 18 X 5 X 4144 inches were 
kept in constant temperature (15°). 
Flies were fed on cream of wheat- 
molasses food medium inoculated with 
Fleischmann’s Bakers Yeast. Food vials 
also contained a small plug of rolled paper 
towelling. There was no addition of 
yeast suspension daily to food vials since 
they remained quite moist during the lar- 
val period. Techniques of sampling have 
been described previously (Wright and 
Dobshansky, 1946; Dobzhansky and Pav- 
lovsky, 1953; Spiess, 1950). Sampling 


usually consisted of five subsamples of 


twenty larvae each approximately every 
generation, which averages seven weeks’ 
period at this temperature. 


POPULATION DATA 


Whitney vs. Klamath. The data for 
three populations consisting of WT and 
KL arrangements are given in table 1. 
Cage 17 was initiated with about 40% 
KL, 60% WT, while cages 18 and 18 
(Repeat) had initially the reverse fre- 
quencies. In all three populations KL 
decreased in frequency in regular trend 
until an equilibrium was formed at values 
not significantly different from 30% KL, 
70% WT. Apparently the heterokaryo- 
type has the highest adaptive value under 
these laboratory conditions, WT homo- 
karyotype is second best, KL is third. 


TABLE 1. Sampling data for cages contain- 
ing WT and KL chromosomes. t = genera- 
tions, N = chromosomes counted, u = ratio — 

‘ u(1 + u)? 

= 
N 
Cage 17 
Sample Days t N % KL u ou 

0 0 — 200 39.5 0.653 0.094 

1 57 1.16 200 35.0 0.538 0.079 

2 105 1.00 200 27.5 0.379 0.060 

3 184 1.61 64 26.6 0.362 0.102 

Cage 18 

0 0 — 180 744 2.90 0.495 

1 67 1.37 150 60.7 1.55 0.259 

2 117 1.00 108 583 1.39 0.271 

3 152 0.71 200 57.5 1.35 0.193 

4 225 149 154 43.5 0.770 0.125 

5 284 1.20 92 35.9 0.560 0.122 

6 333 1.00 194 33.0 0.493 0.075 

7 379 0.94 200 37.3 0.595 0.087 

8 432 1.09 200 34.0 0.515 0.077 

Cage 18R 

0 0 — 150 62.7 1.68 0.284 

1 63 1.29 200 53.6 1.16 0.164 

2 112 1.00 190 54.2 1.18 0.172 

3 155 088 200 47.5 0.905 0.128 

4 210 1.12 200 405 0.681 0.098 

5 274 1.31 200 29.5 0418 0.065 
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Fic. 1. Observed frequencies of KL in populations containing WT and 
KL chromosomes. Cage 17 = circles and dashed line, 18 = circles and solid 
line, 18R=triangles. Sample No. 3 of cage 18 and No. 2 of cage 18R co- 


incide in time scale. 


The succession of frequencies in arriv- 
ing at that equilibrium are of greater in- 
terest. In calculation of relative adaptive 
values for three karyotypes, the method 
outlined by Levene (Dobzhansky and 
Levene, 1951) based on Haldane’s gene 
frequency ratio (‘“‘u”) has been found 
convenient. This method has an advan- 
tage over Wright’s method of iteration by 
least squares (Wright and Dobzhansky, 
1946) : Wright’s method assumes a con- 
stant system of adaptive values from fre- 
quency to frequency while Levene’s 
method can be worked on any succession 
of three samples; that is if adaptive val- 
ues shift, that change can be readily taken 
into account. Levene’s method is far 
more sensitive than the accuracy of the 
sampling data in some instances and at 
best can only serve to approximate values 
which must be tried for comparison with 
observed frequency changes. <A _ choice 
of adaptive values must be based upon 
the closest fit of expected and observed 
sequences of sample frequencies. 

There is no need to restate Levene’s 
method except that our ‘“‘u”’ is equivalent 
to his ‘x’, or the observed ratio of 
KL/WT inany samples. After one gen- 


+ uo 
uot We ’ 
where up equals the KL/WT ratio in the 
previous generation sample, W, the rela- 
tive adaptive value of KL homokaryo- 
type, and W; the adaptive value of WT 
homokaryotype, assuming the adaptive 
value of the heterkaryotype WT/KL 

ul (W uo) +i. 
= 1.00. Then | | — | if 


eration of selection, u = 


uo 
ui is observed exactly one generation from 
uo. This formula can be solved either 
by simultaneous equations or by graph 
and intersection of two regression lines: 


= a+ where a = | — Uo 


ul 


and b = [=] -uo. If time of sampling 


ul 
does not equal one generation, the ratio 


Uo l/t 
of one u to the next will be | =| 


ul 

where “‘t’’ is time in proportion to a 
generation. These relations are not 
given in the tables because they can 
easily be calculated from the data given. 

Unfortunately solutions for W, and W, 
are sometimes not very accurate because 
of sampling error and minor fluctuations 
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TABLE 2. Average data for cages 17, 18 and 
18R with adjustment as described in text 


Sample Days t % KL u 
0 0 —_— 64.3 1.80 
1 49 1.0 57.8 1.37 
2 98 1.0 55.9 1.27 
P 0 —_ 55.9 1.27 
1 49 1.0 47.0 0.887 
2 98 1.0 40.0 0.667 
3 147 1.0 33.7 0.508 
4 196 1.0 31.3 0.456 
5 245 1.0 30.5 0.439 


in the curve. In graphic analysis several 
possible solutions have been worked out 
and only the best fitted pairs of values are 
given here. 

All three populations (17, 18 and 18R) 
have been averaged to eliminate as much 
sampling fluctuation as possible. In fig- 
ure 1, population curves for 18 and 18R 
have been arbitrarily adjusted to give the 
least difference between them by super- 
imposing their samples at point “P.” 
The cage 17 curve begins where the 
curves of 18 and 18R cross the point 
which is 17’s initial frequency. The av- 
eraged data are given in table 2, and a 
graph is shown in figure 2 together with 
two separate solutions for adaptive val- 
ues: a) a single solution (dashed line), 


KLAMATH 


% 


which satisfactorily fits the initial and 
end points of the curve, gives adaptive 
values; 0.86 WT/WT, 1.00 WT/KL, 
0.48 KL/KL; b) a double solution 
(dotted line) with adaptive values, 0.10 
WT/WT, 1.00 WT/KL, 0.25 KL/KL 
up to point “P,” followed by 0.77 WT/ 
WT, 1.00 WT/KL, 0.30 KL/KL to the 
termination of the data. 

Cages 18 and 18R were run six months 
apart and yet in both a plateau in slope, 
a retardation of frequency changes, oc- 
curs at about 55% KL, 45% WT. 
Within two generations however a new 
trend commences with steeper slope. At 
point “P” the single slope solution lies 
just outside the minus 2 o distance from 
the observed average of the two popula- 
tion samples. It seems very likely, there- 
fore that this plateau is real, and the 
double solution, involving change in adap- 
tive values takes place as WT chromo- 
somes become more frequent. Cage 17, 
initiated at approximately 40% KL paral- 
lels the other two, and a good solution for 
its adaptive values are 0.78 WT/WT, 
1.00 WT/KL, 0.28 KL/KL, not signifi- 
cantly different from the solution for the 
average of cages 18 and 18R when in 
that range of frequencies. 

An interesting aspect to this double so- 


WT svs. 


KL 


20 
GENERATIONS 


Fic. 2. Average curve for cages 17, 18, and 18R in solid line and black 
circles; single solution = open circles and dashed line; double solution = 
crosses and dotted line, involving a shift in adaptive values at point “P.” 
Adaptive values are in order WT/WT, KL/KL, assuming WT/KL = 1.00. 
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Fic. 3. Observed frequencies of MD in populations containing WT and 


MD chromosomes. 


Cage 21=open triangles; cage 23 = circles. 


Sample 


No. 2 of cage 21 and No. 4 of cage 23 coincide in time scale. 


lution is that the KL/KL adaptive value 
appears not to change significantly (0.25 to 
0.30) but WT/WT increases more than 
seven fold as it becomes more frequent. 

Whitney vs. Mendocino. The fre- 
quency data of two populations with WT 
and MD arrangements competing are 
given in table 3. Cages 21 and 23 were 
both initiated with high frequency of MD. 


TABLE 3. Sampling data for cages containing 
A 
WT and MD chromosomes. u = ratio sale 


Cage 21 
Sample Days t N % MD u ou 
0 0 —_ 200 68.0 2.13 0.323 
1 93 1.90 80 36.2 0.567 0.132 
2 142 1.00 100 300 0.429 0.094 
3 184 0.86 200 37.0 0.587 0.085 
4 233 1.00 200 36.0 0.563 0.083 
Cage 23 
0 0 — 200 79.0 3.76 0.653 
1 46 0.94 130 654 1.89 0.348 
2 110 1.31 172 524 = 1.10 0.168 
3 145 0.71 200 460 0.852 0.121 
4 203 1.18 200 27.5 0.379 0.060 
5 250 095 200 31.5 0.460 0.070 
6 304 1.10 200 305 0.438 0.067 
7 446 2.90 200 365 0.575 0.084 
8 495 1.00 200 37.5 0.600 0.088 


Figure 3 shows that both populations are 
closely parallel. The two curves have 
been arbitrarily placed so that their sam- 
ples at point “P”’ (see figure 4) coincide 
in time and since they are not signifi- 
cantly different were arranged in order 
to calculate average adaptive values. 

For the initial three to four generations 
MD declined rapidly in frequency, and its 
steep slope indicated an_ elimination 
course if continued. Nevertheless at 
point “P” at a frequency of just under 
30%, MD “recovered” and rose. slowly 
to an equilibrium value which it main- 
tained in cage 23. 


TABLE 4. Average data for cages 21 and 23. 
From third period after P to the end, 


cage 23 only 
Sample Days t % MD u 
0 0 — 65.0 1.86 
1 49 1.0 52.5 1.11 
2 98 1.0 39.5 0.653 
3 147 1.0 28.8 0.418 
P 0 — 28.8 0.418 
1 49 1.0 33.8 0.511 
2 98 1.0 33.0 0.493 
3 147 1.0 32.0 0.471 
+ 196 1.0 34.0 0.515 
5 245 1.0 36.2 0.567 
6 294 1.0 37.0 0.587 
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As in the WT vs. KL data two solu- 
tions are given in figure 4: a) a single 
solution (dashed line) whose adaptive 
values were obtained by considering only 
the initial period and the final period of 
the averaged curve, giving values of 0.52 
WT/WT, 1.00 WT/MD, and 0.15 MD/ 
MD;; b) a double solution (dotted lines) 
shows WT/WT to be superior to WT/ 
MD until MD reaches a frequency of 
about 28% (1.46 WT/WT, 1.00 WT/ 
MD, 0.50 MD/MD) ; at point “P” how- 
ever MD “recovers” and increases up to 
about 35%. In that portion of the curve 
adaptive values of 0.70 WT/WT, 1.00 
WT/MD, 0.50 MD/MD fit the observed 
average curve. 

In competition with MD as well as with 
KL it appears that WT’s advantage or 
disadvantage can be modified depending 
upon its frequency. It is also of interest 
that in the MD cages the double solution, 
which fits the observations better, in- 
volves only a shift in WT/WT karyo- 
type by an approximate halving of its 
initial adaptive value; at least such a so- 
lution follows the observed data with re- 
markably close fit. 
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Klamath vs. Mendocino. These ar- 
rangements are found in heterokaryotype 
with WT in less than 20% of the wild 
flies from this locality. Probably they 
rarely occur in homokaryotype in nature, 
and consequently would not be expected 
to have become coadapted. 

The data from cages 22 and 24, in 
which high and low frequencies of the 
arrangements are reversed are given in 
table 5 and graphed in figure 5. There 
is a rough parallel between the successive 
fluctuations in these two populations. 
Although there is an initial burst of KL, 
in later samples it is evident that the orig- 
inal frequency is restored so that no trend 
is established. Homogeneity X? values 
on each population are non-significant 
(p = 0.50 and 0.18 for cages 22 and 24 
respectively) and it seems likely that 
these fluctuations for each cage are within 
the limits of their average value. The 
two cages were initiated two months 
apart; but it is impossible to say at pres- 
ent whether the rough parallelism in their 
initial fluctuations is due to chance or to 
some common variable. 

From these data there is no reason to 
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Fic. 4. Average curve for cages 21 and 23 in solid line and black circles; 
single solution = open circles and dashed line; double solution = crosses and 


dotted line, involving a shift in adaptive values at point “P.” 


adaptive values = WT/WT, MD/MD. 
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Fic. 5. Observed frequencies of MD in populations containing KL and MD 
chromosomes. Cage 22 below and cage 24 above. 


believe that when karyotypes of KL/KL, 
KL/MD, and MD/MD occur together 
without the presence of WT that they 
differ in adaptive value. Cages contain- 
ing all three arrangements are underway 
at the present and will be reported later. 


TABLE 5. Sampling data for cages containing 
KL and MD chromosomes 


Cage 22 
Sample Days t N % MD 

0 0 — 170 11.8 
1 62 1.26 200 2.5 
2 110 0.98 200 15.0 
3 172 1.26 200 11.0 
4 227 1.12 200 12.5 
5 283 1.14 170 7.1 

Cage 24 
0 0 ~ 200 65.5 
1 50 1.02 200 46.5 
2 94 0.90 200 64.5 
3 159 1.33 200 46.5 
4 208 1.00 200 48.0 
5 254 0.94 160 55.0 


DISCUSSION 


We know a few facts about the sensi- 
tivity of chromosomal adaptive values to 
physical variables like temperature and 
humidity, to biological variables like food 
microorganisms and population density. 
It would be surprising indeed if the mem- 
bers of one species occupying the same 
area did not interact in some manner, one 
genotype with another. It is conceivable 
that not only presence or absence of a 
genotype but also the proportional pres- 
ence of one genotype might affect the 
survival of other genotypes in the popu- 
lation. 

By comparing adaptive values of kary- 
otypes when two gene arrangements com- 
pete with adaptive values obtained when 
a third arrangement is encountered in the 
same population, Levene, Pavlovsky, and 
Dobzhansky (1954) showed that the 
Standard, Arrowhead, and Chiricahua 
arrangements of D. pseudoobscura do not 
lie in the same sequence of superiority. 
The genetic composition of a population 
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was a determining factor in the adaptive 
values of constituent karyotypes. 

Lewontin (1955) has studied this phe- 
nomenon in some detail by comparing 
larval viabilities of D. melanogaster under 
different population densities and differ- 
ent genetic constitutions. He concluded 
that “the viability of a genotype is a 
function of the other genotypes which co- 
exist with it, the result of any particular 
combination not being predictable on the 
basis of the viability of the coexisting 
genotypes when tested in isolation.” 

In D. persimilis when Whitney com- 
petes with either Klamath or Mendocino 
arrangement a stable equilibrium is even- 
tually attained indicating the heterokary- 
otype to be superior and WT homokary- 
otype second best, but the sequence of 
frequencies by which that equilibrium is 
reached in both cases involves a definite 
shift in relative adaptive values so that 
no single set of values can be offered as 
a solution. The explanations for this 
shift might be as follows: 1) the residual 
genome undergoes recombination suff- 
cient to produce new interaction with 
chromosome III; 2) some physical or 
biological variable as yet unaccounted for 
enters the cage when the population has 
attained a certain frequency and causes 
alteration of the adaptive values; 3) the 
adaptive value of a karyotype is depend- 
ent upon its frequency, or the frequency 
of its constituent chromosomal arrange- 
ments. 

The first two explanations can be ruled 
out: if the first were true it would hardly 
be expected that the change should come 
at the same frequency in independent 
populations. The second is not likely 
since no two of these cages were initiated 
simultaneously. Most of the repeat cages 
ran at least four months apart. It is dif- 
ficult to offer any but the last as explana- 
tion for these results. 

It is tempting to go further. In the 
WT vs. KL and WT vs. MD populations 
adaptive values of WT shift, not the com- 
peting arrangement’s values. WT = is 
very common (87%) in the wild habitat 


sampled, and it is expected that the clos- 
est approximation to a system of adaptive 
values already determined by selection in 
the native environment would allow for 
balanced polymorphism with WT/WT 
superior to the other homokaryotype 
when WT is the more common arrange- 
ment. In such circumstances as these in 
which one karyotype has been more prev- 
alent than any other in nature, selection 
may perfect a phenotype which is adap- 
tive only when it occurs in large enough 
numbers. When WT is less common in 
artificial populations, its karyotypes indi- 
cate neither superiority of WT (in com- 
petition with KL) nor balanced poly- 
morphism (in competition with MD). 

From adaptive values obtained by com- 
petition with WT, it is not possible to 
predict the relative values of KL and MD 
karyotypes when WT is not present. A 
glance at the values for KL and MD 
when competing with WT will serve to 
point this out. Relative to the WT/WT 
karyotype, when KL is in high frequency, 
KL/KL equals about 2.5 x WT/WT; 
and when MD is low MD/MD is about 
0.7 xX WT/WT. Consequently in cage 
22 where KL is high and MD low, KL 
would be expected to replace MD. On 
the other hand when KL is low in WT 
competition, KL/KL is about 0.4 x 
WT/WT while MD when high is about 
0.3 X WT/WT and therefore MD/MD 
should be slightly superior to KL/KL. 
Neither of these expectations based upon 
WT competition is realized when WT is 
absent. It must be admitted that changes 
which will occur between any two vari- 
ants may not permit reliable predictions 
for the outcome when other variants are 
present. The presence of WT brings 
about an inequality between KL/KL and 
MD/MD which is not demonstrable in 
its absence. Experimental populations 
containing all three arrangements, in pre- 
liminary stages at present, already agree 
on this point. 

The KL and MD arrangements are 
rare enough in nature to say that they 
nearly always occur in WT heterokaryo- 
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type; at least natural selection would 
have far more opportunity to act upon 
them in that condition than in homokary- 
otype or as KL/MD. No balanced con- 
dition exists in these laboratory popula- 
tions of KL vs. MD. The two popula- 
tions do not converge on any frequency, 
but maintain an average value more or 
less determined by the initial frequency, 
that is all three karyotypes must be nearly 
equal in selective value. 

It is too early to conceive what the 
physiological nature of these karyotype 
adaptive value interactions may be. 
Spiess and Schuellein (1956) have found 
that karyotypes WT/WT, WT/KL, and 
KL/KL in isolation have distinctive 
properties such as egg hatchability, via- 
bility, and rate of development. As sen- 
sitive as the adaptive value of a genotype 
may be and as complex an interaction as 
may produce its native worth, neverthe- 
less all possible factors must be taken into 
consideration if we are to understand the 
intricacies of natural selection in perfect- 
ing the mechanism of balanced poly- 
morphism. 


SUMMARY 


1. Drosophila persimilis from an 8,000 
ft. elevation locality in Yosemite National 
Park was tested by population cage tech- 
nique for relative adaptive values of kary- 
otypes representing the three most com- 
mon arrangements of chromosome III 
(Whitney, Klamath, and Mendocino). 

2. Three populations of WT vs. KL 
come to equilibrium at 30% KL, 70% 
WT but the succession of samples over 
the entire range of frequencies tested in- 
dicates that no single solution for adap- 
tive values is likely: a temporary plateau 
exists at 55% KL. At frequencies higher 
than 55% KL/KL superior to 
WT/WT, but below that frequency the 
situation is reversed. If the KL/KL and 
WT/KL values are held constant, the 
WT/WT adaptive value increases about 
seven fold at the point of shift. 

3. Two populations of WT vs. MD 


come to equilibrium at 35% MD, 65% 
WT, but again no single solution agrees 
with the observed data. When MD is 
high, it declines rapidly in frequency in- 
dicating an elimination course ; the hetero- 
karyotype (WT/MD) is intermediate 
and WT/WT superior. When MD 
reaches about 28%, it “recovers” and 
increases slightly to equilibrium. If 
MD/MD and WT/MD values are held 
constant, the WT/WT adaptive value de- 
creases by halving its initial value at the 
point of MD recovery. 

4. Populations in which KL and MD 
are present without WT do not deviate 
significantly from the average frequency 
of all samples taken, that is the adaptive 
values of karyotypes are equal. 

5. When WT competes with either 
KL or MD, the adaptive values of karyo- 
types are a function of their frequencies. 

6. When WT becomes common in both 
cases both balanced polymorphism and 
superiority of WT homokaryotype over 
competing homokaryotypes are displayed. 
When WT is less common, its karyotypes 
indicate neither superiority of WT/WT 
(in competition with KL) nor balanced 
polymorphism (in competition with MD). 

7. It is not possible to predict the rela- 
tive values of KL and MD when WT is 
not present from data obtained from WT 
competition cages. Interaction of WT 
with these arrangements brings about an 
inequality between KL/KL and MD/MD. 
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INTRODUCTION 


Drosophila willistoni is a widely dis- 
tributed tropical species which occurs 
from southern Florida in the United 
States of America to northern Argentina. 
Associated with this wide distribution 
north and south is the high number of 44 
chromosomal inversions. This is in con- 
trast to its sibling species (D. paulistorum, 
D. tropicalis and D. equinoxialis) each of 
which has a much restricted distribution 
and each possesses fewer chromosomal 
inversions. Dobzhansky, Burla and Da 
Cunha (1950), and Da Cunha and Dob- 
zhansky (1954) have postulated that the 
degree of chromosomal polymorphism in 
these species is directly related to the va- 
riety of the places where the species lives, 
that D. willistont is widespread and abun- 
dant because it has a high degree of eco- 
logical versatility conferred upon it by its 
many chromosomal inversions. Dob- 
zhansky, Burla and Da Cunha have given 
indirect evidence to support this hypothe- 
sis. The hypothesis implies that differ- 
ent chromosomal inversions confer upon 
the fly differences in capacity to survive 
and multiply in different places. Such 
differences might be demonstrated as 
between the homozygotes and heterozy- 
gotes for a particular inversion and be- 
tween genotypes of different inversions. 

We have confined our attention to the 
possible selective differences in survival 
which might occur in the immature stages 
(between the egg and the newly emerged 
adult) in the course of their development 
in fruits. 


Evo.uTIon 11: 94-105. March, 1957. 


Selective differences between homozy- 
gotes and heterozygotes have been in- 
vestigated by collecting wild fruits in the 
field after flies in the area had laid their 
eggs upon them. The adults which 
emerged from this fruit in the laboratory 
were examined for their chromosomal 
constitution by crossing with a strain of 
flies homozygous for its gene arrange- 
ments. The proportion of homozygotes 
and heterozygotes found was compared 
with what would be expected according 
to the Hardy-Weinberg formula if no 
selection had occurred between the egg 
and adult stages. It was assumed that the 
genotypes of eggs laid by adults were in 
proportions corresponding with the 
Hardy-Weinberg ratios. 

Possible selective differences between 
genotypes of a number of inversions in 
two wild fruits was investigated by letting 
a population of flies from the field lay 
their eggs on fruit in the laboratory. 
The flies which emerged from these fruits 
were examined for their chromosomal 
constitution and the frequency of geno- 
types for particular inversions was com- 
pared in the different fruits. 


SELECTION IN FRUIT IN THE FIELD 


We had hoped to be able to collect a 
number of different fruits from the same 
region in Brazil or of the same fruit in 
different stages of decomposition, and to 
compare the genotypes of the flies which 
emerged from these fruits when they were 
brought back to the laboratory. But the 
experiment with fruit in the field had to 
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be confined to one fruit because of the 
difficulty of obtaining a sufficient quan- 
tity of different fruits. In some cases 
where fruits could be obtained, D. willis- 
toni was not sufficiently common. Doubt- 
less a widespread search for fruits in 
Brazilian forests would have remedied 
the situation, but for practical reasons we 
had to get fruits within a few hundred 
miles of the laboratory in Sao Paulo. 

Fruits of the palm Arecastrum ro- 
manzofianum were collected from beneath 
palms on islands at Angra dos Reis. This 
is on the coast between Rio de Janeiro and 
Santos. Two samples of fruits were col- 
lected, one from the island of Sao Joao in 
August, 1955 and the other from the is- 
land of Queimada Pequena in October, 
1955. The fruit had been on the ground 
for several days and we knew from the 
stage of fermentation that it was suitable 
food for larvae. Neither freshly fallen 
fruits nor very old fruits yielded many 
flies when brought back to the laboratory. 
Fruit was put in quart bottles containing 
a layer of sawdust. The bottles were kept 
at room temperature. Adults were then 
collected within three hours of their 
emergence and before they had copulated. 
Their chromosomal constitution was then 
determined by following the procedure 
used by Dobzhansky and Levene (1948) 
for D. pseudoobscura. 

Each adult fly was crossed with a strain 
of D. willistoni homozygous for all its 
inversions. The strain originated from a 
single female collected at Catuni in north- 
ern Brazil. The few inversion heterozy- 
gotes which the strain originally contained 
were removed by isolation of single fe- 
males until we obtained a completely 
homozygous strain. Each pair of flies 
was put in a small vial containing banana- 
agar and Fleischman’s yeast and kept at 
25° C. for three to five days for egg lay- 
ing. The vials were transferred to 18° C. 
for the rest of the development of the 
larvae. Each day a drop of yeast sus- 
pension was added to insure that the 
larvae had ample food. When the larvae 
were mature salivary glands were dis- 


sected out, stained with Aceto-Orcein and 
smeared on a slide for examination under 
the high power of a microscope for identi- 
fication of the heterozygous loops on the 
chromosomes. The chromosomes of six 
larvae of each cross were examined and 
from this the constitution of the wild 
parent was determined. In a sufficiently 
large sample of larvae (larger than 6), if 
all the larvae were heterozygous for an 
inversion then the wild parent must have 
been homozygous for this inversion; if 
all the larvae were homozygous then the 
wild parent must have been homozygous 
for the standard arrangement, but if there 
were a mixture of homozygotes and heter- 
ozygotes (theoretically half and _ half) 
then the wild parent must have been 
heterozygous for the inversion. When 
only six larvae are examined there is a 
chance of misclassifying heterozygotes 
since there is a probability that all six 
larvae of the cross standard homozygote 
x wild heterozygote will be homozygous 
for the standard arrangement and so the 
wild parent will be misclassified as a 
standard homozygote. Or the six larvae 
may all be heterozygous and so be mis- 
classified as inversion homozygotes. 
When six larvae are examined, on the 
average 2 X (%4)* = %po of the heterozy- 
gotes are misclassified as homozygotes. 
So for every 64 flies which are heterozy- 
gotes only 62 will be classified as such, 
one being called a standard homozygote 
and the other an inversion homozygote. 
The data must therefore be corrected by 
subtracting one homozygote from each 
class and adding two heterozygotes for 
every 62 heterozygotes recorded. 

With D. willistoni it is not possible to 
identify homozygous inversions under the 
microscope. We identified the heterozy- 
gotes with the aid of illustrations prepared 
by Da Cunha, Burla and Dobzhansky 
(1950) and Dobzhansky (1950).and our 
identifications were frequently checked 
by Professor Th. Dobzhansky and Dr. 
A. B. Da Cunha. Fruit of the palm 
Arecastrum was collected on two occa- 
sions. It was brought to the laboratory 
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TABLE 1. Numbers of homozygous standard, homozygous inversion and heterozygous gene 
arrangements in autosomes of ninety-two adult flies (males and females) 
and in sex chromosomes of forty-one adult females 


The flies were bred from the fruit of the palm Arecastrum romanzofianum collected on the island 
of Queimada Pequena in October 1955. ‘“Expected’’ numbers are calculated from the Hardy- 
Weinberg formula. ‘‘Corrected’’ numbers were obtained from the observed numbers after making 
the correction as described in the text. 


Chromosome Homozygous Homozygous 


and inversion standard Heterozygote inversion x? p* 
XL. D Obs. 21 19 1 1.5190 
Corr 20.69 19.62 0.69 
Exp. 22.45 15.78 2.77 
Diff —1.76 +3.84 — 2.08 
XL. H Obs. 4 25 12 3.9140 .05 
Corr. 3.60 25.80 11.60 
Exp. 6.56 19.68 14.76 
Diff. — 2.96 +6.12 —3.16 
XR. D Obs. 6 28 8 5.4043 .02 
Corr 5.55 28.90 7.55 
Exp. 9.68 20.96 11.36 
Diff. —4.13 +7.94 —3.81 
XR. E Obs. 29 10 2 0.1872 
Corr 28.84 10.32 1.84 
Exp. 28.25 11.57 1.19 
Diff. +0.59 —1.25 +0.65 
IIL. E Obs. 22 64 6 14.2626 <.001 
Corr 20.97 66.06 5.97 
Exp. 32.03 45.51 15.46 
Diff. — 11.06 +20.55 —9.49 
IIL. F Obs. 7 47 38 3.3187 
Corr 6.25 48.50 37.25 
Exp. 10.02 40.68 41.30 
Diff. —3.77 +7.82 —4.05 
IIR. E Obs. 72 20 0 0.4753 
Corr 71.68 20.64 (—0.32) 
Exp. 72.87 18.01 1.11 
Diff. —1.19 +2.63 — 1.43 
III. B Obs. 56 35 1 2.2377 
Corr 55.43 36.13 0.43 
Exp. 58.88 29.44 3.68 
Diff. —3.45 +6.69 —3.25 
II. Cc Obs. 83 9 0 0.0365 
Corr 82.86 9.29 (—0.24) 
Exp. 83.03 8.74 0.23 
Diff. —0.17 +0.55 —0.47 
Ill. J Obs. 28 63 1 25.8620 <.001 
Corr 26.98 65.04 (—0.02) 
Exp. 38.87 41.86 11.27 
Diff. — 11.89 +23.18 —11.29 
TOTAL 57.2209 <.001 


* In this and all other tables the value of P is only given when it is significant. 


a 


SELECTION IN DROSOPHILA WILLISTONI 97 


TABLE 2. Numbers of homozygous standard, homozygous inversion and heterozygous gene 
arrangements in autosomes of twenty-two adult flies (males and females) 
and in sex chromosomes of fifteen adult females 


The flies were bred from the fruit of the palm Arecastrum romanzofianum collected on the island 
of Sao Joao in August 1955. “‘Expected’’ numbers are calculated from the Hardy Weinberg equation. 


Chromosome Homozygous Homozygous 


and inversion standard Heterozygote inversion x? P 
XL. D Obs. 3 11 1 4.2819 .05-.02 
Corr. 2.82 11.36 0.82 
Exp. 4.87 7.35 2.77 
Diff. —2.05 +4.01 —1.95 
XL. H Obs. 7 7 1 0.2315 
Corr. 6.89 7.22 0.89 
Exp. 7.35 6.30 1.35 
Diff. —0.46 +0.92 —0.46 
XR. D Obs. 5 8 2 0.3000 
Corr. 4.87 8.26 1.87 
Exp. 5.40 7.20 2.40 a 
Diff. —0.53 +1.06 —0.53 = 
XR. E Obs. 10 5 0 0.2699 
Corr. 9.92 5.16 (—0.08) 7 
Exp. 10.33 4.23 0.44 7 
Diff. —0.41 +0.93 —0.52 5 
IIL. E Obs. 3 17 2 7.8620 .01-.001 
Corr. 2.73 17.54 1.73 
Exp. 5.95 10.98 5.07 
Diff. —3.22 +6.56 —3.34 
IIL. F Obs. 3 14 5 2.4134 
Corr. 2.77 14.46 4.77 
Exp. 4.46 10.89 6.66 
Diff. — 1.69 +3.57 — 1.89 
II. B Obs. 6 14 2 2.6559 
Corr. 5.77 14.46 1.77 
Exp. 7.66 10.64 3.70 
Diff. —1.89 +3.82 — 1.93 
Ill. J Obs. 16 6 0 0.2013 
Corr. 15.90 6.20 (—0.10) 
Exp. 16.27 5.30 0.43 
Diff. —0.37 +0.90 —0.53 
TOTAL 18.2159 .02 


and the adults which emerged were ana- Joao in August 1955 (Table 2). _A total 
lysed for their chromosomal constitution. of 19 inversions occur in flies on the 


A sample of 92 flies (including 51 males) 
was analysed from fruit collected on the 
island of Queimada Pequena in October 
1956 (table 1). A smaller sample of 22 
flies (including 7 males) was analysed 
from fruit collected on the island of Sao 


island of Queimada Pequena. We iden- 
tified only 10 inversions in flies bred from 
fruit since the remaining 9 inversions were 
either rare or else basal inversions which 
are difficult to identify. In the sample of 
flies from the island of Sao Joao we have 
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TABLE 3. Comparison of frequencies (per cent) of inversion heterozygotes among (a) eggs laid by 
adult flies collected from the island of Queimada Pequena and (b) adult flies which 
emerged from the fruit of Arecastrum romanzofianum collected on the island 


Chromosome and (b) 


inversion Arecasirum Pp 
XL. D 1.5 47.8 77.5238 <.001 
XL. H 47.8 62.9 2.4034 
XR. D 44.8 68.8 6.6730 01 
XR. E 20.9 25.1 0.2704 

Tora. N. 67 41 
IIL. E 63.8 71.8 1.2925 
IIL. F 45.0 52.7 1.0180 
IIR. E 13.7 22.4 2.1330 
III. B 32.5 39.2 0.8506 
III. J 50.0 70.6 7.6098 01-.001 
III. C 17.5 10.1 2.0440 

Tora N. 82 92 

Tora x? (excluding XL. D) 24.4991 .01-.001 


t x? calculated for observed numbers. 


listed only 8 inversions. In the tables 
chromosomes are referred to as XL, XR, 
IIL, IIR and III (R and L mean right 
and left arms respectively). Inversions 
are named alphabetically. 

Tables 1 and 2 demonstrate that se- 
lection between genotypes occurred in the 
fruit. The observed numbers of homozy- 
gotes and heterozygotes are compared 
with numbers expected from the Hardy- 
Weinberg formula, assuming that no se- 
lective mortality took place in the im- 
mature stages. In table 1 the observed 
numbers of genotypes in four of the ten 
inversions are significantly different from 
numbers expected from the Hardy-Wein- 
berg formula. In each case heterozygotes 
are in excess of expectation. This we in- 
terpret as heterosis or superiority of 
the heterozygote over either homozygote. 
The total ,? for all inversions shows that 
observed values are highly significantly 
different from the expected values for all 
inversions as a group. An over-all selec- 
tion has taken place in the fruit. Since in 
nine out of ten inversions the heterozy- 
gotes are in excess of expectation there 
is an over-all superiority of heterozygotes 
to homozygotes for the nine inversions 
taken together. 


In the much smaller sample of flies 
from the island of Sao Joao, two out of 
eight inversions show heterosis and the 
eight inversions taken together are sig- 
nificantly heterotic. 

The results demonstrate selective dif- 
ferences between homozygotes and heter- 
ozygotes but they in no way identify the 
components of environment which do the 
selecting. This may be temperature, 
moisture, some qualitative characteristics 
of the fruit or other less obvious compo- 
nents of environment of the larvae. In 
an experiment to be described later in this 
paper, we attempted to vary the com- 
ponent “fruit” whilst keeping other com- 
ponents of environment constant. 

Further evidence of selection is shown 
in table 3. The second column of the 
table shows the frequency of inversion 
heterozygotes among eggs laid by adult 
females collected from Queimada Pequena. 
A single larva was examined from the 
offspring of eighty-two females. Assum- 
ing that these adults were representative 
of the adults which laid eggs on the fruit 
on the island, then the second column 
shows the frequency of inversion heter- 
ozygotes among eggs laid on the fruit. 
Column 3 shows the frequency of heter- 
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ozygote inversions among adults bred 
from the fruit. Comparison of the two 
columns indicates strong selection in the 
immature stages in the fruit. It does not 
necessarily follow that a population of 
adult flies with the constitution shown in 
column 3 would lay eggs with the con- 
stitution shown in the second column of 
the table. The reason for this is that 
some of the adults which laid the eggs may 
have come from other food on the island 
besides the fruit of Arecastrum. 


SELECTION IN NATIVE FRUIT IN THE 
LABORATORY 


A population of D. willistoni collected 
on the island of Queimada Pequena at 
Angra dos Reis was reared in the labora- 
tory on banana-agar for a couple of gener- 
ations at 25° C. These flies were used 
as a source of eggs by letting adults lay 
eggs in small vials containing banana- 
agar. From there the eggs were trans- 
ferred to fermenting fruits. Two wild 
fruits were used, Psidium araca and Phil- 
odendron sp. The fruit of Psitdium was 
collected from a rain forest at Agua 
Funda on the outskirts of the city of Sao 
Paulo. The fruit of Philodendron came 
from a field at Penha also on the out- 
skirts of the city. Both were collected 
from plants when unripe to insure that 
they were free from Drosophila. At the 
same time some ripe fermenting fruits 
were collected from the ground under the 
plants. After the unripe fruits had been 
ripened in the laboratory the juice of the 
naturally fermenting fruits was added. 
We hoped in this way to insure that the 
naturally occurring yeasts developed on 
each fruit. The fruit was divided between 
a number of quart bottles each with a 
layer of sawdust in the bottom. To each 
bottle about 400 eggs were added. Over 
a period of time nine bottles were used 
for each fruit. They were kept at 25° C. 
In due course adults emerged and females 
were collected before they had mated. 
The chromosomal constitution of these 
flies was determined by crossing with a 


homozygous stock as described previously. 
One hundred females were analysed from 
each fruit. This involved the identifica- 
tion of inversion heterozygotes in chromo- 
somes of 1,200 larvae. The experiments 
with the two fruits were run simultane- 
ously. 

In addition to determining the chromo- 
somal constitution of adults reared in two 
fruits, we also obtained the following in- 
formation; (i) the frequency of inversion 
heterozygotes among eggs laid by flies col- 
lected on the island of Queimada Pequena, 
(ii) the frequency of inversion heterozy- 
gotes among eggs laid by flies reared on 
banana-agar. In each case this was done 
by examining a single larva of each of 
about 100 females isolated in single vials. 

The opportunities for selection to occur 
were (i) in banana-agar, (ii) in Philo- 
dendron (iii) in Psidium. The complete 
data for comparison of frequencies of 
heterozygotes and homozygotes was ob- 
tained for the two fruits only since in these 
cases we determined the constitution of 
adults by crossing with homozygotes. In 
the other two cases, since the analysis 
was done on eggs, we only have the fre- 
quency of inversion heterozygotes to com- 
pare. We shall consider these less com- 
plete data first. The first column of table 
4 shows the frequency of inversion heter- 
ozygotes among eggs laid by females fer- 
tilized in the wild and collected from the 
island of Queimada Pequena. The sec- 
ond column shows the frequency of inver- 
sion heterozygotes among eggs laid by 
offspring of these flies which had been 
reared for two generations in banana-agar 
in the laboratory at 25° C. The next two 
columns show the frequency of heterozy- 
gotes among adults which emerged from 
Philodendron and Psidium from eggs of 
constitution shown in column “banana- 
a ga . 

Rearing in banana-agar caused a sig- 
nificant change in frequency in seven of 
the nine inversion heterozygotes, with an 
over-all significant selection (P = .001). 
Rearing in Philodendron (after banana- 
agar) caused a further change in fre- 
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TABLE 4. Comparison of frequencies (per cent) of inversion heterozygotes among (a) egg samples from 
flies collected on the island of Queimada Pequena (b) egg samples from the same population 
after being bred for two generations in banana-agar at 25° C. in the laboratory (c) 
adult females bred from the fruit of Philodendron sp. at 25° C. and (d) adult 


females bred from the fruit of Psidium araga at 25° C. 


Chromo- 


Comparison of differences 


some (a) Queimada Pequena Banana-agar and Banana-agar and 
and Quei- (b) (c) and Banana-agar Philodendron Psidium 
inver- mada Banana- Philo- (d) 
sion Pequena agar dendron Psidium x? P x? P x? P 
XL. D 6.7 31 18.58 20.64 17.8068 <.001 4.1366 .05-.01 2.8018 
XL. H 52.2 23 36.12 37.16 17.3783 <.001 4.1364 .05-.01 4.7666 .05-.02 
XR. D 56.7 43 56.78 52.64 3.5680 3.7976 1.8620 
XR. E 27.8 16 4.12 12.38 3.9191 05 7.7992 .01-.001 0.5378 
TotaL 90 100 100 100 
IIL. E 50.5 28 61.94 45.42 10.8033 .001 23.2738 <.001 6.5302 01 
IIL. F 56.2 39 45.42 53.68 6.0618 .02-.05 0.8484 4.3332 .05-.02 
IIR. E 4.8 24 20.64 21.68 15.7574 <.001 0.3254 0.1526 
III. B 13.3 25 41.30 42.32 4.5626 .05-.01 5.9944 .02-.01 6.7168 .01-.001 
III. J 50.5 45 34.06 46.46 0.6132 2.5034 0.0428 
ToraL 105 100 100 100 80.4705 <.001 52.8152 <.001 27.7438 .001 


quency in five of the nine inversion heter- 
ozygotes, with an over-all significant se- 
lection (P = .001). Rearing in Psidium 
(after banana-agar) caused a change in 
frequency in four of the nine inversion 
heterozygotes with an over-all significant 
selection (P= .001). In the last two 
comparisons the selective differences are 
due to selective mortality in the immature 
stages developing in fruit. 

This is a clear demonstration of selec- 
tion in both banana-agar and in fruit. 
The data show that whereas selection oc- 
curs in the two fruits, only slight differ- 
ences show up between the two fruits. In 
Philodendron the frequency of inversion 
heterozygotes changed in five of the nine 
inversion heterozygotes, whereas in Psid- 
tum the frequency changed in four in- 
version heterozygotes, three of which were 
common changes in Philodendron. 

Examine now a detailed comparison of 
the numbers of homozygotes and heterozy- 
gotes of each inversion in the two fruits 
(table 5). The only difference between 
the two fruits which is significant is in the 
frequency of homozygotes of each class 
and the heterozygotes for inversion E of 
chromosome IIL. When we make the 


comparison between “homozygotes as a 
group” and heterozygotes we find a sig- 
nificant difference in frequencies of ho- 
mozygotes and heterozygotes for two in- 
versions (inversion E on chromosome 
IIL and inversion E on chromosome 
XR). But there was no significant dif- 
ference in the inversion frequency as such 
in the two fruits (last colume table 5). 
There remains one further test for se- 
lection in the two fruits shown in table 6. 
This shows a comparison between the 
numbers of homozygotes and _ heterozy- 
gotes with numbers expected from the 
Hardy-Weinberg formula assuming that 
no selection had occurred. In Philoden- 
dron there is departure from Hardy-Wein- 
berg ratio for two inversions (one of 
which is heterotic) and an over-all de- 
parture for all inversions taken together 
(P= .01). The ,? test has also been 
made by grouping inversions which have 
more heterozygotes than “expected” and 
grouping those which have less heterozy- 
gotes than “expected.” The former to- 
gether depart significantly from expecta- 
tion, but the latter (non-heterotic) de- 
partures are not significant. In the fruit 
Psidium there are no significant differ- 
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ences between observed and expected 
numbers of homozygotes and _ heterozy- 
gotes. 

This test then shows selection in Philo- 
dendron but not in Psidium. It tallies 
with the observation of heavy mortality in 
the immature stages in Philodendron as 
compared with Psidium. We did not 
measure this precisely but we estimated 
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subjectively that about eightly per cent 
of the flies died in the immature stages 
on Philodendron and very few died in 
Psidium. Despite the high mortality in 
Philodendron there was little selection. 
The comparisons between the two 
fruits (tables 5 and 6) reveal only slight 
differences in selection as between the 
two fruits. It is possible, of course, that 


TABLE 5. Comparison of frequencies of homozygote and heterozygote inversions for nine 
chromosomal inversions in one hundred adult females bred from (A) Philodendron 
sp. and (B) Psidium araga. (‘‘Difference’’ = Psidium — Philodendron) 


Chromosome 
and Homozygous Homozygote x? x*t Frequency 
inversion Fruit standard Heterozygote inversion 3 classes 2 classes of inversion 
A D2 A 73.71 18.58 7.71 0.3908 0.1298 17.0 
B 73.68 20.64 5.68 16.0 
Diff. —0.03 +2.06 —2.03 —1.0 
XL. H A 9.44 36.12 54.44 1.8208 0.0216 72.5 
B 4.42 37.16 58.42 77.0 
Diff. —5.02 +1.04 +3.98 +4.5 
XR. D A 25.11 56.78 18.11 1.5728 0.3210 46.5 
B 21.18 52.64 26.18 52.5 
Diff. — 3.93 —4.14 +8.07 +6.0 
XR. E A 94.94 4.12 0.94 5.5554 . 3.0 
B 84.81 12.38 2.81 4.3478 9.0 
Diff. — 10.13 +8.26 +1.87 (P =.05 —.02) +6.0 
IIL. E A 36.03 61.94 2.03 . ° 33.0 
B 44.29 45.42 10.29 7.8132 5.1280 33.0 
Diff. +8.26 — 16.52 +8.26 (P =.02) (P =.02) 0.0 
IIL. F A 42.29 45.42 12.29 2.5900 1.2818 35.0 
B 31.16 53.68 15.16 42.0 
Diff —11.13 +8.26 +2.87 +7.0 
IIR. E A 78.68 20.64 0.68 2.0242 0.0306 11.0 
B 78.66 21.68 —0.34 10.5 
Diff. —0.02 +1.04 —1.02 —0.5 
III. B A 52.35 41.30 6.35 0.2546 0.0206 27.0 
B 53.34 42.32 4.34 25.5 
Diff. +0.99 +1.02 —2.01 —1.5 
Ill. J A 59.47 34.06 6.47 3.9550 3.0264 23.5 
B 45.27 46.46 8.27 31.5 
Diff. — 14.20 +12.40 +1.80 —8.0 
TOTAL 25.9768 15.3874 
P 10 .08 


t Estimates of x? in this column have been made on two classes only, “homozygotes’’ and 


“heterozygotes.” 
* Significantly different. 
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TABLE 6. Numbers of homozygous standard, homozygous inversion and heterozygote gene 
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arrangements in (A) one hundred adult females bred from the fruit of Philodendron 


sp. and (B) one hundred females bred from the fruit of Psidium araca 
Eggs were put on the fruit in the laboratory and the fruit was kept at 25°C. 


numbers are calculated from the Hardy-Weinberg equation. 


“Expected”’ 


(A) Philodendron sp. 


(B) Psidium araca 


Chromosome Homo- Homo- Homo- Homo- 
and zygous Hetero- zygote zygous Hetero- zygous 
inversion standard zygote’ inversion x? standard zygote inversion x? 
XL.D Obs 74 18 8 11.6690 .01-.001 74 20 6 1.9815 
Corr 73.71 18.58 7.71 73.68 20.64 5.68 
Exp. 68.89 28.22 2.89 70.56 26.88 2.56 
Diff. +4.82 -—9.64 +4.82 +3.12 -—6.24 +3.12 
XL.H Obs. 10 35 55 0.8892 is 36 59 0.2414 
Corr 944 36.12 54.44 442 37.16 58.42 
Exp. 7.56 39.88 52.56 5.29 35.42 59.29 
Diff. +1.88 -—3.76 +1.88 —0.87 +1.74 —0.87 
XR. D_ Obs. 26 55 19 1.9905 22 51 27 0.3256 
Corr. 25.11 56.78 18.11 21.18 52.64 26.18 
Exp. 28.62 49.76 21.62 23.04 49.92 27.04 
Diff. —3.51 +7.02 —3.51 —1.86 +2.72 —0.86 
XR. E Obs. 95 4 1 0.0307 85 12 3 1.1681 
Corr 94.94 4.12 0.94 84.81 12.38 2.81 
Exp. 94.09 5.82 0.09 82.81 16.38 0.81 
Diff. +0.85 -—1.70 +0.85 +2.00 -—4.00 +2.00 
IIL. E Obs. 37 60 3 16.0579 <.001 45 44 11 0.0409 
Corr. 36.03 61.94 2.03 44.29 4542 10.29 
Exp. 44.89 44.22 10.89 44.89 44.22 10.89 
Diff. —8.86 +17.72 —8.86 —0.60 +1.20 —0.60 
IIL. F Obs. 43 44 13 0.0002 32 52 16 1.0365 
Corr. 42.29 4542 12.29 31.16 53.68 15.16 
Exp. 42.25 45.50 12.25 33.64 48.72 17.64 
Diff. +0.04 -—0.08 +0.04 —2.48 +4.96 —2.48 
IIR. E Obs. 79 20 1 0.2930 79 21 0 0.4432 
Corr. 78.68 20.64 0.68 78.66 21.68 (—0.34) 
Exp. 79.21 19.58 1.21 80.10 1880 1.10 
Diff. -—0.53 +1.06 —0.53 —1.44 +2.88 —1.44 
III. B Obs. 53 40 7 0.2272 54 41 5 1.2928 
Corr 52.35 41.30 6.35 53.34 42.32 4.34 
Exp. 53.29 39.42 7.29 55.50 38.00 6.50 
Diff. -—0.94 +1.88 —0.94 —2.16 +4.32 —2.16 
III. J Obs. 60 33 7 0.2792 46 45 9 0.5267 
Corr 59.47 34.06 6.47 45.27 46.46 8.27 
Exp. 58.52 35.96 5.52 46.92 43.16 9.92 
Diff. +0.95 —1.90 +0.95 —1.65 +3.30 —1.65 
TOTAL 32.0420 01 7.0577 
+ ve classes 18.5689 01 
— ve classes 13.4731 _ 
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SELECTION IN DROSOPHILA WILLISTONI 


selective differences would be greater if 
the flies had been more crowded than they 
were in these experiments. But we de- 
liberately designed the experiments to 
eliminate crowding as a selective factor, 
since it is extremely difficult both to con- 
trol and to measure crowding in fruit. 
Instead, we aimed at having an excess, 
rather than a shortage, of food for the 
flies. 


DISCUSSION 


Extensive experiments have demon- 
strated the adaptive significance of chro- 
mosomal inversions in Drosophila pseudo- 
obscura, supporting the thesis that chro- 
mosomal polymorphism is an evolutionary 
mechanism enabling populations to live 
in a wide variety of environments. The 
selective coefficient of a karyotype in D. 
pseudoobscura depends upon temperature 
(Dobzhansky and Spassky, 1944), food 
(Da Cunha, 1951), crowding (Birch, 
1955) and the kinds of other karyotypes 
present in the same population (Levene, 
Pavlovsky and Dobzhansky, 1954). The 
great diversity of chromosome inversions 
in D. willistoni (forty-four inversions 
have so far been identified) provides a 
challenge to the investigator. Of what 
adaptive significance are they to the spe- 
cies? Evidence for the adaptive signifi- 
cance of inversions in D. willistoni has 
been sought along two lines. There is the 
indirect evidence such as is supplied for 
example by comparing the distribution of 
D. willistoni with its sibling species which 
have fewer inversions, and by comparing 
the number of inversions per fly in dif- 
ferent local populations of D. willistont 
(Dobzhansky, Burla and Da Cunha, 1950). 
And secondly there is the direct evidence 
such as might be obtained from laboratory 
experiments in which one component of 
environment can be varied while others 
are kept constant. As might be antici- 
pated in a species which is restricted to 
the tropics, weather may not be an im- 
portant component of environment in the 
differential selection of genotypes. This 
is suggested by the absence of any marked 
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seasonal changes in the frequency of in- 
version heterozygotes in D. willistoni (Da 
Cunha, Burla and Dobzhansky, 1950 and 
unpublished data). On the other hand 
the diversity of fruits and other prob- 
able sources of food for Drosophila in 
tropical forests leads naturally to the sup- 
position that karyotypes may be differ- 
entially adapted to the diversity of foods 
available. The experiments described in 
this paper were an attempt to test this 
hypothesis. We were able to show, that 
in both natural populations and in popu- 
lations of flies kept in the laboratory, 
there were selective differences between 
karyotypes; but we have identified only 
small selective differences in mortality 
of the immature stages in two native 
fruits studied. It is clear that components 
of environment in addition to food are 
important in selection of D. willistont. 
These have yet to be identified. It seems 
that the identification of components of 
selection in populations of D. willistoni is 
a more difficult task than is the case with 
D. pseudoobscura. 

Our results with D. willistoni in fruit 
corroborate results which Da Cunha 
(1956) has obtained in experiments with 
different yeasts. He reared flies in popu- 
lation cages using different yeasts as food 
and he followed the changes in frequency 
of nineteen inversion heterozygotes until 
equilibrium was reached. The equilib- 
rium frequency of inversion heterozygotes 
was the same in each cage despite the 
different species of yeasts used as food. 
This is in striking contrast to results of 
similar experiments with D. pseudoob- 
scura (Da Cunha, 1951). 

Selective differences between karyo- 
types for different inversions in D. wil- 
listont may be of smaller magnitude than 
is the case with D. pseudoobscura and, 
although difficult to measure, small dif- 
ferences can, of course, be of great im- 
portance in the adaptation and evolution 
of the species. 

The heterosis exhibited by the popula- 
tion of flies reared from fruit collected in 
nature is further evidence of the role of 
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heterosis in maintaining chromosomal 
variability in natural populations. It is 
evidence which can be added to that al- 
ready obtained by Da Cunha (1953) for 
D. willistoni and D. paulistorum when he 
showed that heterozygotes for two in- 
versions on the X chromosome in natural 
populations in Brazil were in excess of 
proportions predicted from the Hardy- 
Weinberg formula. Similarly six out of 
eighteen inversions present in populations 
of D. willistoni from Barreiras (Bahia) 
were present as heterozygotes in more 
than half of the larvae reared from egg 
samples taken from population cages (Da 
Cunha, 1956). Prior to this Dobzhansky 
and Levene (1948) had demonstrated 
heterosis in natural populations of D. 
pseudoobscura in California. Heterosis 
is one mechanism for maintaining ge- 
netic variability. The differential adapta- 
tion of karyotypes to different environ- 
ments is also a means by which genetic 
variability may be maintained. A theo- 
retical model showing how this can hap- 
pen has been developed by Levene 
(1953). Almost certainly both mecha- 
nisms operate in natural populations of 
D. willistoni. 


SUMMARY 


1. Adults of Drosophila willistoni 
reared from the fruit of the palm Are- 
castrum romanzofianum collected in na- 
ture were analysed for their chromosomal 
constitution by crossing with a strain 
homozygous for its chromosomal inver- 
sions. In the larger of two samples of 
flies obtained from fruit from two islands 
off the coast of Brazil, three out of nine 
inversions showed heterosis and there 
was a significant superiority of heterozy- 
gotes to either homozygote for all nine 
inversions taken as a whole. Similar re- 
sults were obtained for the smaller sam- 
ple. Selection was a result of selective 
mortality in the immature stages develop- 
ing in the fruit. 

2. The frequency of inversion heterozy- 
gotes among flies collected in the wild 
changed markedly after they were bred 


for two generations in banana-agar in the 
laboratory at 25° C. A further change 
occurred when flies from banana-agar 
were reared for one generation in the 
fruits Psidium aracga and Philodendron sp. 

3. There was little differential selection 
in the immature stages as between the 
two fruits Psidium araca and Philoden- 
dron sp. The frequency of homozygotes 
and heterozygotes among adults reared 
from Philodendron were significantly dif- 
ferent from frequencies expected accord- 
ing to the Hardy-Weinberg formula, as- 
suming that no selection had occurred. 
But with Psidium there were no such sig- 
nificant differences. The main differ- 
ence between the two fruits was in their 
effect on the frequency of homozygotes 
and heterozygotes for inversion E in 
chromosome IIL. 

4. The conclusion is drawn that selec- 
tive differences exist as between karyo- 
types for different inversions in D. wil- 
listoni. This was most marked when flies 
were reared in banana-agar and also when 
the flies from this medium were reared in 
native fruits. But there were little differ- 
ences between the two fruits studied. 
There is then no question that karyotypes 
for different inversions are selected dif- 
ferentially but the components of environ- 
ment which do the selecting have not yet 
been fully identified. 
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NOTES AND COMMENTS 
REGULARITIES OF TRANSFORMATION IN THE FLOWER? 


G. Lepyarp STEBBINS 


University of California, Davis, California 


Plant morphologists and systematists have 
long recognized the fact that within the families 
and orders of flowering plants there exist regu- 
larities in the distribution of morphological 
characteristics of the flower and inflorescence. 
These suggest that certain trends of floral evo- 
lution have occurred repeatedly and independ- 
ently in different groups of flowering plants. 
In recent years the prevailing opinion among 
botanists, as among zoologists and paleontolo- 
gists, has been that such trends are explained 
by natural selection for increasing specializa- 
tion in a particular direction, based upon the 
genetic variability usually present in cross 
fertilizing populations. There have, however, 
been dissenters among botanists as among zoolo- 
gists. On the one hand, the belief has been ex- 
pressed that the accumulation of many genetic 
differences, each of which has a small effect 
on the phenotype, is not sufficient, even in the 
presence of continued selection, to transform a 
radially symmetrical flower into such an elabo- 
rate structure as the papilionaceous flower of 
the pea family, the 2-lipped flower of the snap- 
dragons, or the phenomenally complex flower 
of the orchids. For such large steps in evo- 
lution the occurrence of one or more chance 
mutations with large effects has been thought 
necessary. 

Deviating in the opposite direction, other 
botanists have thought that chance variation of 
any type, even under the guidance of natural 
selection, cannot account for the observed regu- 
larities, and they therefore postulate the oc- 
currence of internally directed trends in varia- 
tion, or orthogenesis. Dr. Nelson favors this 
latter interpretation of floral evolution. 

The factual material presented by Dr. Nelson 
is most impressive. It is based upon a wide 
knowledge of plant families, both temperate and 
tropical, and upon a thorough mastery of the 
classical literature in floral morphology. His 
descriptions are beautifully illustrated with ac- 
curate, clearly displayed figures, many of them 


in color. He discusses in detail the following 
1 Nelson, E. 1954. Gesetzmiassigkeiten der 


Gestaltwandlung im Blutenbereich, ihre Bedeu- 
tung fur das Problem der Evolution. Verlag: 
E. Nelson, Chernex Montreux, (Switzerland) 
publiziert mit Unterstutzung des Schweizer- 
ischen Nationalfonds zur Foérderung der wis- 
senschaftlichen Forschung. 302 pp., 14 plates of 
figs., 4 in color. 


regularities: changes in position of the floral 
parts, particularly the transition from one type 
of spiral to another, and from the spiral ar- 
rangement to various types of whorls; the dif- 
ferentiation of stamens and petals, and various 
forms of transition between these organs; di- 
morphic and dioecious flowers; the evolution 
of dorsiventral (zygomorphic) flowers; trends 
of evolution in compound “pseudanthia,” as in 
Compositae and Dipsacaceae; and transitions 
between leaves or bracts in the floral region 
and the floral parts themselves. For many ex- 
amples of transition in the developmental se- 
quence, Dr. Nelson draws upon regularities oc- 
curring in cultivated ornamentals, as well as 
upon abnormal types which occasionally are 
found in wild species. The botanist looking for 
examples of the above mentioned phenomena 
in flowering plants will find the present volume 
most useful. 

To a reader familiar with the more recent 
literature on evolution, Dr. Nelson’s interpre- 
tation of these regularities as due to internally 
directed “impulses” is no more convincing than 
were previous attempts to explain on the basis 
of orthogenesis similar regularities in both ani- 
mals and plants. He dismisses as “teleological” 
all statements that differences in the color and 
form of flowers have selective value because of 
greater attractiveness to insects and other pol- 
linators. The elaborate color patterns and 
forms of flowers, he believes, have no adaptive 
significance because (p. 140) “small and color- 
less flowers of many species are just as suc- 
cessful with insect pollination as related strains 
with striking colors and designs.” Aside from 
the fact that this statement has limited appli- 
cation—in most groups known to this reviewer 
which have some species with small inconspicu- 
ous flowers and related species with large, 
showy flowers, the small-flowered species are 
largely self pollinated—it overlooks one of the 
most important guiding principles of floral evo- 
lution. This is the relation between the distinc- 
tive form and color of many specialised flowers 
and the instinct for flower constancy which has 
been observed in many insects. The numerous 
careful observations and experimental data 
which document this relationship have been 
reviewed by Grant (Evo._ution, 3: 82-97; Bo- 
tanical Review, 16: 379-398), and need not be 
repeated here. Grant has also produced sta- 
tistical data to demonstrate an effect which 
would logically be expected from this relation- 


106 


4 
| 
> 
> 
7 
. 
q 
4 | 
4 
4 
~ 
+ 
4 
— 
|| 
ow 
= 
; 


ww F 


NOTES AND COMMENTS 107 


ship; namely that in groups of flowering plants 
pollinated by specialized insects species differ- 
ences are based largely on characteristics of 
the corolla and stamens, while in groups of 
plants pollinated by unspecialized insects or by 
inanimate agents, species differences more often 
lie in the vegetative parts, inflorescences, or 
fruits. The selective advantage of many shapes 
and colors of flowers, therefore, lies not in the 
attraction of larger numbers of insects, but in 
increasing the frequency of pollen transfer from 
one individual to another of the same species, 
and decreasing or eliminating the reproductive 
wastage caused by cross pollination between 
species. As has been shown by the extensive and 
brilliant studies of Pouyanne and Kullenberg 
on the genus Ophrys, this type of advantage 
through the stimulation of the extraordinary 
process of pseudocopulation on the part of male 
hymenoptera has been largely responsible for the 
amazing diversity of floral form which has 
been evolved by species of this genus of orchids. 
When, therefore, Dr. Nelson without referring 
to any of this work, cites Ophrys as an ex- 
ample of internally directed, orthogenetic trends 
in the flower, his explanation is not at all 
convincing. 

The orthogenetic explanations of Dr. Nelson 
depend largely on the postulated action of hy- 
pothetical formative substances and influences. 
Hypotheses concerning the existence of such 
substances have been advanced by various au- 
thors, and were particularly in vogue during 
the latter part of the 19th and the beginning of 
the 20th century. There is, however, no direct 
evidence for the existence of specific organ- 
forming substances, which might be responsible 
for the entire differentiation of a sepal, petal, 
or stamen. On the other hand, the experi- 
mental data from both developmental morphol- 
ogy and physiological or developmental genetics 
speak strongly against the existence of such 
substances. From the multitude of experiments 
on animal embryos, the less extensive but still 
pertinent work of Wardlaw and others on the 
shoot apices of plants, as well as from the stud- 
ies of the differential effects of genes on organ 
development made by Goldschmidt, Stern, 
Hadorn, and others, arises the now well founded 
concept of developmental gradients and fields. 
This tells us that the differentiation of an or- 
gan is caused not by the formation of a sub- 
stance specific to that organ, but by changes in 
the concentration and distribution of relatively 
simple growth-promoting and growth-inhibiting 
substances, according to an intricate, genetically 
determined pattern. Evolutionary changes in 
these organs, therefore, are brought about by 
the changed action of the genes responsible 
for this pattern. How such changes could pro- 
ceed only in one direction is difficult to imagine. 

According to Dr. Nelson, orthogenesis is the 


most logical way of explaining parallel trends of 
evolution in unrelated groups of plants. On the 
other hand, he overlooks the examples of non- 
parallel trends in related groups, which com- 
pletely destroy the logic of the above mentioned 
assumptions. For instance, he suggests that dor- 
siventral, or zygomorphous flowers arise when 
the position of the bud changes from terminal 
and vertical to lateral and horizontal. This is 
said to produce an unequal distribution of forma- 
tive substances on the lower and upper sides of 
the flower, with a resultant hypertrophy, usually 
of the lower side. As an example, he cites genera 
of the Ranunculaceae. Delphinium and Aconi- 
tum have racemose inflorescences and laterally 
placed, dorsiventral flowers, while Nigella, Anem- 
one, Ranunculus, and other genera have termi- 
nally placed flowers with radial symmetry. But 
still other genera, not mentioned by Nelson, 
i.e. Actaea, Cimicifuga and Zanthorhiza have 
horizontally placed flowers with perfect radial 
symmetry. Similarly, the subfamily Papilio- 
noideae of the Leguminosae have horizontally 
placed, dorsiventral flowers, but in the sub- 
family Mimosoideae there are genera (Pro- 
sopis, Adenanthera, Entada, some species of 
Inga and Acacia) with horizontally placed but 
radially symmetrical flowers. The same situa- 
tion occurs also in the related family Rosaceae 
(Prunus virginiana et aff., Agrimonia, Acaena). 
When such erratic outbreaks of orthogenetic 
trends must be postulated, the whole concept 
loses much of its plausibility. On the basis of 
guidance through natural selection, we can as- 
sume that when horizontal position becomes 
associated with colors and sizes of flowers 
which tend to attract and stimulate the entrance 
of specialized pollinators, genetic changes pro- 
moting progressive specialization of form will 
be favored, and these evolve a flower shape 
which facilitates the entry of the pollinator as 
well as the reception and delivery of pollen. 
On the other hand, if the flowers remain of 
such a size and color that they are not visited 
by these specialized pollinators, or are polli- 
nated without entrance there will be no se- 
lection pressure for changes in form. The fact 
that the same or similar species of pollinators 
visit flowers belonging to a variety of families 
provides a sound basis for expecting parallel 
trends of floral evolution in these different 
families. 

The adoption of the Darwinian concept of 
guidance by natural selection does not carry 
with it the assumption that mutations are com- 
pletely at random. After all, the- genes which 
mutate have a definite chemical configuration 
which can change in a large but not an infinite 
number of ways. Furthermore, the plant can 
become an adult and can form reproductive parts 
only if it possesses an internal harmony of 
development, with the various developmental 
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processes in equilibrium with each other. 
Many mutations, therefore, are inadaptive in 
all environments, and cannot be counted as 
part of the evolutionary potential of the spe- 
cies. It is not surprising, therefore, that from 
the relatively limited number of potentially suc- 
cessful genetic changes similar environments 
should often sort out similar sequences of al- 
terations independently in unrelated groups. 
This appears particularly likely in view of the 
general similarity which prevails between the 
shoot apices of most flowering plants. 

The problem of the evolution of the flower is 
by no means solved, and gathering all sorts of 
data pertaining to it will continue to be of value 
for many years to come. Nevertheless, its 
solution now appears most probable through 


assuming the existence of natural selection as 
a guiding force, acting in a variety of ways, 
both direct and indirect, upon the genetic vari- 
ability which exists in all cross fertilizing spe- 
cies, and which is caused much more by re- 
combinations of previously existing character 
differences than by mutations which have a 
selective advantage at the moment of their ap- 
pearance. Dr. G. G. Simpson (The Major 
Features of Evolution, pp. 266-274) has pointed 
out the improbability of and lack of necessity 
for orthogenetic theories of evolution as ap- 
plied to paleontological data. The same argu- 
ments, somewhat modified, can apply equally 
well against similar orthogenetic theories ad- 
vanced to explain trends of evolution in the 
flowering plants. 


REPLY TO PROF. STEBBINS’ REVIEW OF: E. NELSON, “GESETZ- 
MASSIGKEITEN DER GESTALTWANDLUNG IM BLUTEN- 
BEREICH, IHRE BEDEUTUNG FUR DAS PROBLEM 
DER EVOLUTION” 


Ericu NELSON 


Chernex-M ontreux 


I wish to explain briefly my position with re- 
gard to Prof. Stebbins’ review. 

My book assembles together a series of laws 
governing the organization of the flower and its 
changes. My observations resulted in striking 
parallels in very remote relatives. They oblige 
us to think of the possibility that correlative 
physiological relations participate in the evo- 
lutionary process. In opposition to the review- 
er’s opinion it seems to me that a great part of 
the stated changes of organization can hardly 
be explained by way of natural selection. 

My ideas may be explained briefly by some 
concrete examples. Contrary to a supposition 
still widely held, it is characteristic for many 
pentamerous actinomorphous flowers that the 
five organs, stamens or petals, developed after 
the calyx, are placed at unequal intervals: they 
form three groups: two groups of 2 members 
(generally consisting of the members 4 and 3%) 
and one group of a single member, represented 
by member 3. The origin of this “group ar- 
rangement” (“Gruppenstellung”) may be ex- 
plained as follows. 

The organs succeeding the calyx, which is 
still arranged in a distinct spiral, form already 
a more or less flattened spiral. In other words: 
they are nearing a whorl. This exposes them, 
in their relation to the preceding sepals, to an 
unequal inhibition exerted by the latter (see pp. 
34-36 in my book concerning the “growth- 
inhibiting substances” mentioned by the re- 


(Suisse) “La Vigte” 


viewer). As a consequence they arise in the 
greatest possible alternation with the upper 
sepals. This means that the petals (or stamens) 
\ alternate as a “group” with the sepals III 
and IV, the petals (or stamens) % accordingly 
with the sepals [V and V; the remaining mem- 
ber 3 alternates with sepal V and the genetically 
“upper” half of sepal III. The result is a “dif- 
ferentiated alternation” (“differenzierte Alter- 
nanz”) between the five petals (stamens) and 
the calyx as a whole. 

Certain pentamerous flowers with unequally 
developed sepals, where the groups are repre- 
sented by other members, make us recognize 
beyond doubt that the place where the organs 
following after the calyx arise, depends mostly 
on its upper leaves. These cases confirm the 
hypothesis of the “differentiated alternation” 
and its physiological origin. 

From this arrangement of floral organs in 
three groups result three large gaps which are 
nutritionally favored compared with the two 
smaller ones. Consequently, there are many 
cases where only in the three large gaps three 
further organs arise, or else three stamens be- 
come petaloid (the first for instance in the 
androeceum of numerous Polygonum species, 
the latter in some Helleborus species). This 
elucidates the none-too-rare jump from 5 to 8 
members—the next higher member of the first 
“FIBONACCI-series.” The jump takes place 
also in the corolla of the nutritionally favored 
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apical flower of some species of Adonis, while 
the corolla of the lateral flowers is usually 
pentamerous. The further jumps from 8 to 13, 
21, 34 and so on, which correspond with the 
members of the first FIBONACCI-series, can 
also easily be explained on the above-mentioned 
basis. 

Analogous circumstances are to be found in 
the completely different organization of the 
capitulum of a Composite concerning the trans- 
formation of tube-flowers into ray-flowers, which 
is remarkable in view of the supposed physio- 
logical causes. In many species the number of 
ray-flowers realized depends on the nutritional 
condition of the individual, or on the position 
of the capitulum within the inflorescence; in 
others a certain number of the FIBONACCI- 
series is typical. 

It is clear that with flowers whose organs 
in the individual complexes are more or less 
on one and the same level, the above-mentioned 
“group arrangement” causes a disturbance of 
the physiological equilibrium which tends to be 
re-established. This re-establishment has in 
fact been realized in several dicotyledonous fam- 
ilies in different ways: the equilibrium is re- 
established either by reducing the two double 
groups to one-member groups, or by doubling 
the one-member group by the addition of a 
member. The Polygonaceae family is of great 
significance in this respect. It contains types 
with stamen complexes of 5 or 8 members and 
the number 5 in the perianth, and a spiral ar- 
rangement of the members—the primitive type— 
as well as some which have a whorled phyllo- 
taxis and complexes of 3 members. However, 
with certain species of the 5- or 8-type we find 
single flowers (varying in frequency from one 
kind to another) which represent the 3-type, 
i.e., the regular type in related species. In 
such deviations we can recognize the reestablish- 
ment of a disturbed equilibrium and the dy- 
namics of a somatically controlled evolution. 

Presumably physiological factors also de- 
termine the organization of zygomorphic flow- 
ers. We can observe, parallel to an increasing 
morphological zygomorphy, within the single 
species of a genus (for instance Saxifraga) 
different degrees of the progress from an acti- 
nomorphous to a zygomorphic dehiscence of 
the stamens. The process is absolutely the 
same in different families. 

The transition from an actinomorphous to a 
zygomorphic morphological organization of 
the flower must be related also in this connec- 
tion. I demonstrated in detail the relation be- 
tween a terminal position of a flower and its 
actinomorphous organization on one side, the 
zygomorphic ones, if the flower is laterally 
placed on the other side. This relation becomes 
especially clear, if within one and the same in- 
florescence the terminal flower is actinomor- 


phous, the lateral flowers are zygomorphic (pp. 
163 and 192-194), or, if with Labiatae or 
Scrophulariaceae an abnormally appearing 
terminal flower is generally actinomorphous. 

The objection of the reviewer that there exist 
also horizontally placed flowers with perfect 
radial symmetry has been mentioned by my- 
self (p. 163). But this fact could be explained 
by the supposition that the genetically given 
margin of reaction (Reaktionsbreite) in such 
cases does not allow the intervention of so- 
matical impulses. Moreover I observed many 
laterally placed morphologically radial flowers 
which however show by their dehiscence the 
beginning of a tendency to a zygomorphic or- 
ganization.—Considering also the fact that in 
inflorescences without lateral flowers the termi- 
nal flower is never zygomorphic—except the 
Podostemonaceae (p. 163)—I cannot follow the 
reviewer's argument that such exceptions “com- 
pletely destroy the logic of the above men- 
tioned assumption.” As to the occurrence of 
zygomorphic terminal flowers in inflorescences 
possessing also zygomorphic lateral flowers 
see p. 163. It is there supposed that a geneti- 
cally fixed zygomorphic organization can finally 
pass over to the terminal flower. In this con- 
nection it is remarkable that the terminal flower 
of Saxifraga is sometimes still absolutely 
actinomorphous, but the zygomorphic dehiscence 
type of the lateral flowers prevails already in 
the terminal flower, in some cases in a lesser 
degree. This indicates the beginning of a trans- 
ition to zygomorphy. Sometimes even there 
are terminal flowers which show a slight tend- 
ency to a morphological zygomorphy. Others 
are completely zygomorphous. 

As to the morphological consequences of be- 
coming zygomorphic, it is remarkable that in 
certain Saxifraga species different character- 
istics of the corolla of the terminal flower are 
—unilaterally—reinforced in the lateral flow- 
ers. (See also pp. 160 and 199/200 concern- 
ing the klinostate- and inversion-experiments 
with Iridaceae: In the first case flowers nor- 
mally zygomorphic became actinomorphous, in 
the latter case the transition of lip character- 
istics from one flower sector to the other was 
obtained. ) 

I do not want to discuss here, which causes 
are responsible for the alterations of flowers 
becoming zygomorphic. But in any case it 
seems to me diffcult not to presume physiologi- 
cal factors in connection with the position of 
the flower. . 

As to the theory of the action of hypothetical 
formative influences in connection with a sec- 
ondary morphological “approximation” (‘“‘An- 
naherung”) between organs of different origin, 
discussed in the 4th part of my book, there are 
striking parallels in the animal kingdom. It 
seems to me that the fact of a strengthening 
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of such an approximation with a positional 
approach between the organs, a diminution 
with a positional separation is an important 
argument (see pp. 239-243). It is remarkable 
that in zygomorphic flowers the morphologi- 
cal approximation within the spiral is re- 
placed by an approximation in the vertical. 
(See for instance in the orchids, where often— 
normally as abnormally— the labelloscope half 
of the lateral sepals or petals become more or 
less labelloid, pp. 243-247.) 

The possibility mentioned in my book that a 
mutative shifting of the margin of reaction 
(Reaktionsbreite) provides the conditions for 
somatic impulses to become efficient (pp. 16/17), 
must be considered as a tentative explanation. 

It is clear from my remarks on pp. 20 and 
140 that I myself in no way underestimate the 
importance of natural selection. I by no means 
dismissed “all statements that differences in 
the color and form of flowers have selective 
value because of greater attractiveness to in- 


sects and other pollinators.” If, on the other 
hand, on p. 4 I stood out against all explana- 
tions on a teleological basis, I believe that the 
reviewer will agree with me. 

Considering the cited changes in organization 
and others assembled in my book—many of 
which having neither a positive nor a negative 
value of selection—one must pose the question 
if, beside indirected mutations and natural 
selection, there are not other directing evolu- 
tionary factors. In view of the fact that char- 
acters of selective value have been elucidated 
already in a very thorough manner, it seems 
desirable that one should lay stress upon the 
non-selective characters as well, which have 
been acknowledged to play a remarkable part 
too. At first this can be done only by some 
hypotheses which may rouse further investiga- 
tions. Such a hypothesis, based on exact obser- 
vations, I took the liberty to offer. Biologists 
opposed to this hypothesis would be held to try 
at least some other reasonable explanation. 


REPORT ON THE ELEVENTH ANNUAL MEETING OF THE SOCIETY 
FOR THE STUDY OF EVOLUTION 


HarLan LEwIs 


The Eleventh Annual Meeting of the Society 
was held at the Hotel Statler in New York 
City, December 27-29, 1956, in conjunction with 
the meetings of the A.A.A.S. 

At the business meeting, President Jens 
Clausen announced that the Twelfth Annual 
Meeting will be held in California on the 
campus of Stanford University in August 1957, 
in conjunction with the A.I.B.S. The Secre- 
tary reported on the action taken by the Coun- 
cil on the previous day at which time the in- 
vitation of the University of Chicago to co- 
sponsor their Darwin Centennial Celebration in 
November 1959 was accepted. The Society 
will also endeavor to obtain funds to help de- 
fray expenses of U. S. biologists planning to 
attend the Darwin-Wallace Centennial Celebra- 
tion in London in 1958 in conjunction with the 
International Congress of Zoology. 

A report from the Treasurer was presented 
indicating the continued healthy financial status 
of the Society. 

The Editor’s report summarized the status 
of Evotution. Of thirty-six major articles 
published during 1956, forty per cent were 
from outside of the United States. A total of 
ten different countries were represented in this 
group of contributions. The rate of reception 
of manuscripts dropped off sharply during late 
1955 and 1956. It is at present somewhat be- 
low the most desirable rate and efforts are be- 


ing made to alter the situation. Publication of 
larger issues and the decline of rate of reception 
have made it possible to reduce the time in- 
terval between reception and publication of 
manuscripts from an average of 10.9 months 
in the issue of March 1956 to 7.2 months for 
the issue of December 1956. With the in- 
crease in the budget provided for the coming 
year, it should be possible to maintain reason- 
ably rapid publication in spite of the anticipated 
rise in rate of reception of manuscripts. 

The program was highlighted by the sym- 
posium “Biotic Communities in the Past and 
Today” arranged by President Jens CLAUSEN 
who presided and also presented the introduc- 
tory paper “Genetic Variability in Relation to 
Environment.” The other symposium papers 
were: “Migrations of Cenozoic Forest Com- 
munities in North America” by Ertinc Dorr, 
“The Rise of the Grass Eating Mammals” by 
JosepH T. Grecory, and “Man Changing the 
Environment” by Paut B. Sears. 

The following contributed papers were pre- 
sented : 


Bresver, Jack B., Bard College. An analysis 
of 313 Rana pipiens collection localities in re- 
lation to geographical or physical factors. 

Brown, Meta S., Texas Agricultural Experi- 
ment Station. The relation of metaphase 
chromosome size in Gossypium to the re- 
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covery of monosomics, trisomics, and trans- 
locations, and its possible evolutionary sig- 
nificance. 

CARPENTER, JOHN M., University of Kentucky. 
Seasonal Fluctuations in Drosophila popu- 
lations. 

Eprncer, Titty, Harvard University. Pineal 
eyes, present and past. 

Eptrnc, Cart, University of California, Los 
Angeles. On agents that mediate interspecific 
gene recombination. 

Eptinc, Cart, AND R. H. T. Uni- 
versity of California, Los Angeles. The as- 
sociation of lethal factors with different gene 
arrangements. 

Eptinc, Cart, Donatp F. MITCHELL, AND 
R. H. T. Matront, University of California, 
Los Angeles, and Pennsylvania State Uni- 
versity. The canalizing effects of an inver- 
sion system on adaptability of wild popula- 
tions. 

Grun, Pavut, Pennsylvania State University. 
The gene-environment interaction in natural 
populations of Allium cernuum. 

Happ, Georce B., The Principia College. 
Ecology and evolution. 

Lewis, HarLan, University of California, Los 
Angeles. Chromosomal and morphological 
differentiation in Clarkia speciosa. 

MiTcHELL, DonA.Lp F., Pennsylvania State Uni- 
versity. The release of potential variability 
in inversion heterozygotes. 

Moore, JosepH Curtis, American Museum of 
Natural History. Implications of geographic 


variation in the oriental squirrel genus 
Dremomys. 

ParTHASARATHY, M. D., anv C. J. Goopnicurt, 
Purdue University. Cytological observations 
of opilionid evolution. 

Peary, JosepH Y., Benedict College. Ploidy 
evolution in successive cancer-cell generations. 

Ray, Carteton, Columbia University. Adap- 
tations of Alaskan populations of the toad 
Bufo boreas. 

SAGAN, Cart, University of Chicago. The life 
on Mars problem. 

Sercer, M. S. B., anp R. H. T. Matront, Uni- 
versity of California, Los Angeles. Distri- 
bution and numbers in a butterfly population 
and their implications for recombination. 

SmitH, Harotp H., anp Kevin Daty, Brook- 
haven National Laboratory and Cornell Uni- 
versity. Analysis of populations derived from 
interspecific hybridization and selection in the 
genus Nicotiana. 

E. Peter, Tulane University. Experi- 
mental and natural hybridization between 
Bufo valliceps and Bufo fowleri. 


Watters, James L., University of California, 


Santa Barbara College. Megasporogenesis 
and gametophyte selection in Paeonia. 

Wutrams, Georce C., Michigan State Uni- 
versity. The roles of pleiotropy and natural 
selection in the evolution of senescence. 

Younc, Frank N., Indiana University. Ex- 
perimental tests of the survival value of pro- 
tective coloration in insects. 


